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Abstract: This paper presents the concept of constructing three-component kinetic models of kerogen. The meth-
od was developed based on the kinetic mass model constructed from Rock-Eval pyrolysis and Py-GC analysis
results. The parameters of the discrete function describing the distribution of activation energy (E,) and the con-
stant values of the reaction rate (A) for the mass model were optimized based on the results of Rock-Eval pyrol-
ysis in the Kinetics15 program. With aid of multistage isothermal pyrolysis of Py-GC performed for the same
duration at different temperatures, the percentages of each hydrocarbon fraction obtained during the successive
stages of pyrolysis were determined. The determined fractions were assigned an appropriate (resulting from the
mass model) value of activation energy.

The multi-component kinetic model of kerogen constructed in this way enabled the calculation of the shares of
individual hydrocarbon fractions generated at different stages of thermal transformation of the source rocks.
Simulations of the composition of generated hydrocarbons for the developed model were carried out in the Petro-
Mod Kinetic Editor. The results of the simulation justified the creation of multi-component kinetic models for
each of the potential source formations located in the study area. Their implementation into the petroleum system
model makes it possible to not only forecast the total amount of generated hydrocarbons but also the dynamics
of the generation process and the shares of the generated fractions at various stages of thermal transformation of
the source rocks.

The research material consisted of Menilite source rocks samples, which are considered to be the main source of
hydrocarbon accumulations in the Outer Carpathians.

Keywords: activation energy, kerogen kinetic, three-component kinetic, petroleum system modeling, Rock-Eval,
Py-GC, Menilite Beds

INTRODUCTION

The Menilite Beds are considered to be one of the
primary source rocks for hydrocarbon accumu-
lations in the Outer Carpathians. The develop-
ment and application of a three-component kinet-
ic model in modeling the Carpathian petroleum

system will enable a more comprehensive analysis,
allowing for the modeling of both the dynamics
and the efficiency of the hydrocarbon generation
process. Unlike single-component models, the
three-component models also allows for predic-
tions regarding the proportion of individual hy-
drocarbon fractions.
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One of the fundamental problems in petroleum
prospecting, in addition to the prediction of pro-
spective zones, is the quantitative and qualitative
estimation of the hydrocarbon generation process.
Numerical models, whose task is to reconstruct
the most probable scenarios of evolution of the pe-
troleum system leading to hydrocarbon accumu-
lations, require the provision of a broad set of geo-
logical, thermal, and geochemical data, the use of
which makes it possible to place in geological time
and basin space the processes of hydrocarbon gen-
eration, migration and accumulation taking place.
The scope and quality of input data implement-
ed into simulation models determine reliability
of the constructed models and give adequate re-
sults. In this case, it means that the use of a three-
component kinetic model of kerogen (instead of
a bulk model) not only allows for the reconstruc-
tion of the overall dynamics of the generation pro-
cess but also for each of the separated fractions
(Hantschel & Kauerauf 2009, Sowizdzal et al.
2020, Spunda 2020, Spunda et al. 2021).

The formation of hydrocarbons and their mo-
lecular composition is determined among others
by the type of kerogen and the temperature, at
which the process occurs. Both gaseous and liquid
hydrocarbons are produced by thermal cracking
of kerogen. Kerogen is not a chemically homoge-
neous substance but is formed from complex or-
ganic compounds, mainly carbon, hydrogen, and
oxygen, occurring in different proportions, which
leads to process of kerogen cracking (formation
of hydrocarbons) over a wide range of tempera-
tures, and variability of kinetics related to forma-
tion of individual hydrocarbon fractions (Krev-
elen 1961). In general, in the initial stages of the
thermal transformation of kerogen, at the lowest
temperatures, mainly liquid hydrocarbon frac-
tions are generated, and as thermal transforma-
tion increases, gaseous hydrocarbons, including
mainly methane are produced. In the subsequent
stages of thermal transformation, the proportions
between the individual fractions can vary signifi-
cantly (Hunt 1979, Bordenave 1993).

Kerogen kinetic models are fundamental in-
puts in simulation models, enabling the modeling
of the dynamics of hydrocarbon generation and
their composition. Mass (bulk, single-component)

or multi-component models are used in modeling
of petroleum systems. Single-component models
of kerogen make it possible to reconstruct dynam-
ics of generation process as the total amount of all
generated hydrocarbons. On the other hand, multi-
component models provide the opportunity to
quantify individual fractions at any stage of the
thermal evolution of the source rocks. This pos-
sibility makes it conceivable to have appropriate
kinetic models of kerogen (developed for specific
source rocks) to obtain the most reliable and ac-
curate results.

Mass models have been developed and de-
scribed in the literature for kerogens from certain
petroleum provinces (e.g. Tegelaar & Noble 1994,
Zhou & Littke 1999, Santamaria-Orozco 2000, Le-
wan & Ruble 2002, Spunda & Sloczynski 2022),
two-component (gas-oil) (e.g., Ungerer 1990, Wa-
ples et al. 1992, Pepper & Corvi 1995, Behar et al.
1997, Dieckmann et al. 1998, 2000, Abu-Ali et al.
1999, Vandenbroucke et al. 1999), or multicom-
ponent (e.g., Espitalié¢ et al. 1988, Ungerer 1990,
Abu-Ali et al. 1999, Vandenbroucke et al. 1999,
Baur 2019, Wood 2024). These models are also
available to users of computer programs for mod-
eling petroleum systems.

Studies of source rocks in petroleum-bearing
basins from around the world show that the source
rocks have specific characteristics that not only
determine the dynamics of the hydrocarbon gen-
eration process, but also their composition. There-
fore, the use of multicomponent kinetic models
developed for specific source rocks could make it
possible to estimate the proportion of each hydro-
carbon fraction produced at each stage of the ther-
mal transformation of source rocks and increases
the accuracy of the calculations performed.

Samples of potential source rocks, based on the
analysis of which kinetic models are developed,
should meet two basic criteria: they must have
a low degree of thermal transformation and the
highest possible content of kerogen.

METHODS

The concept of creating multicomponent kinet-
ic models of kerogen proposed by the authors
is based on the integration of research results
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obtained from two analytical methods: Rock-Eval
and Py-GC (pyrolysis coupled with gas chroma-

tography).
Rock-Eval

The Rock-Eval pyrolysis method (Espitalié et al.
1985), developed by the French Petroleum Insti-
tute, was used by the authors to select appropriate
research material and to develop a mass kinetic
model of kerogen. It is commonly used to assess
the hydrocarbon potential of source rocks. The
analysis is conducted in two stages: stage I involves
pyrolysis in an inert gas atmosphere at tempera-
tures ranging from 300 to 650°C; stage II involves
oxidation in an air atmosphere at temperatures
between 300 and 850°C. The products - hydro-
carbons, carbon dioxide, and carbon monoxide —
are quantitatively determined. The analysis results
are recorded by appropriate detectors and dis-
played as curves. Based on these curves, param-
eters and indicators are calculated to determine
the rock’s hydrocarbon potential, assess thermal
transformation, and estimate the degree of real-
ization of the initial hydrocarbon potential. The
details of this method was described by Lafargue
et al. (1998).

Measurements made using this method are also
used to construct mass (single-component) kinetic
models of kerogen thermal transformation.

Py-GC

The Py-GC analysis cycle has been designed to use
its results to construct a multi-component kinetic
model of kerogen, which was developed on the ba-
sis of a mass model.

High-temperature pyrolysis was performed
using a Frontier Laboratories multi-channel py-
rolyzer (Multi-Shot Pyrolyzer EGA/PY-3030D)
coupled to a gas chromatograph (GC-2010 Plus)
and equipped with a Shimadzu flame ionization
detector (FID). For the chromatographic analysis,
an Ultra Alloy-5 capillary column with a length
of 30.0 m, inner diameter 0.25 mm, and film
thickness 0.25 pm was connected to an FID de-
tector. Helium was used as the carrier gas with
a constant flow rate of 1.98 mL/min. A column
temperature gradient from 30°C (maintained for
5 minutes) to 360°C (maintained for 2 minutes)

with an accrual of 10°C/min, a dispenser tem-
perature of 250°C, a split of 10:1, and an FID de-
tector temperature of 360°C was used (Kania &
Janiga 2015).

First, the sample was heated to 300°C for
3 minutes to evaporate free hydrocarbons, which
were not included in the total balance because
they are a product of kerogen transformations
under natural geological conditions. After the
evaporation of free hydrocarbons, the sample was
subjected to multi-stage pyrolysis. The heating
temperature during each stage was kept constant,
and in subsequent stages was set to 400, 425, 450,
475, 500, 525, 550, 600, 700, and 800°C. Each stage
lasted 1 minute. At 800°C, no products were ob-
tained, so the pyrolysis of the sample was termi-
nated. The products from each pyrolysis step were
collected using a cryogenic trap and then subject-
ed to chromatographic analysis to determine the
proportions of different fractions of hydrocarbons
produced: a gaseous fraction consisting of hydro-
carbons in the C,—C, range, a liquid fraction in the
C,-C,, range, and a heavy hydrocarbon fraction

in the C,;, range.

15+

RESULTS

Rock-Eval analysis

Six samples from outcrops of the Menilite Beds
(Oligocene age) in the Silesian Unit of the Pol-
ish Outer Carpathians (Fig. 1) were subjected
to preliminary tests to select one for developing
a three-component kinetic model of kerogen.

The total organic carbon (TOC) content of the
analyzed samples ranges from 3.37% to 8.59%
(Table 1), and the hydrocarbon (HC) content, ex-
pressed as the sum of parameters S, and S,, is be-
tween 6.08 and 46.42 mg HC/g of the rock. The
organic matter dispersed in the studied rocks
is kerogen II type (Fig. 2). In general, the sam-
ples are characterized by a low degree of ther-
mal maturity (T, ) and a relatively high hydro-
carbon content (S, + S,) (Table 1). Sample No. 1,
contains 8.29% TOC and hydrogen index (HI)
354 mg HC/g TOC (blue dot in Figure 2) and,
characterized by the lowest degree of thermal
transformation (T, = 403°C), was selected for
the activation energy study.
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Fig. 1. Geological map of the study area (after Dziadzio et al. 2016 - modified)

Table 1
Results of Rock-Eval analysis of the tested samples
S:;:’ 7.1 s | s, | s | Pc|Rrc|TOC|HI| OI
1 403 | 0.74 [29.37| 1.63 | 2.61 | 5.68 | 8.29 | 354 | 20
2 416 | 0.47 |35.85| 1.12 | 3.09 | 2.77 | 5.86 | 612 | 19
3 421 1 0.09 | 9.85 | 0.47 | 0.87 | 2.68 | 3.55 | 277 | 13
4 410 | 0.85 (45.57| 0.64 | 3.92 | 4.67 | 859 | 531 | 7
5 409 | 0.57 |23.06| 0.6 | 2.03 | 4.04 | 6.07 | 380 | 10
6 426 | 0.04 | 6.04 | 1.42 | 0.58 | 2.79 | 3.37 | 179 | 42

T,.x — temperature at which the maximum amount of hydrocarbons is
generated during cracking of kerogen [°C]; S, - content of free hydro-
carbons [mg HC/g rock]; S, — amount of hydrocarbons released during
cracking of kerogen [mg HC/g rock]; S, - amount CO, released
during cracking of kerogen [mg CO,/g rock]; PC - pyrolytic carbon
content [wt.%.]; RC - residual carbon content [wt.%]; TOC - total or-
ganic carbon content [wt.%]; HI - hydrogen index [mg HC/g TOCJ;
OI - oxygen index [mg CO,/g TOC].

Selecting the sample with the lowest degree of
thermal transformation allows for reconstructing
the dynamics of kerogen cracking over the widest
temperature range.
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Fig. 2. HI/T,  diagram of organic matter dispersed in the for-

mations of Menilite Beds. Kerogen classification lines accord-
ing to Espitalié et al. (1984)

Additionally, its HI index value is one of the
two closest to the average for all samples, making
it the most representative in terms of the produc-
tivity.
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Mass kinetic model of
kerogen of Menilite Beds

The construction of kinetic models of kerogen is
based on the results of experiments of artificial ma-
turation of kerogen involving its non-isothermal
pyrolysis and recording of reaction rate constants
at different pyrolysis temperatures, which are car-
ried out in open or closed mode.

To determine the kinetic parameters of the se-
lected sample, it was divided into three parts, and
each part was subjected to non-isothermal Rock-
Eval pyrolysis with different temperature incre-
ments (5, 15, and 25°C/min) in the range of 300
to 650°C. During pyrolysis, the absolute reaction
rates (kerogen cracking) were recorded and used
to calculate the reaction rate constants k. The re-
sults were implemented in the Kinetics15 program,
which was used to optimize the discrete activation
energy distribution function f(E,) for a constant
reaction rate value A (Spunda & Stoczynski 2022).

The kinetic parameters of kerogen cracking
are calculated from the dependence of the reac-
tion rate constant on temperature according to the
Arrhenius kinetic equation:

—E,/RT
k = Ae “ >

which, after transformation, takes the form:

E(l = _RT 1n(£] >
A

where:
k - temperature-dependent reaction rate con-

stant [s7'],

constant (Arrhenius) for a given reaction,

depending on the type of substrate (type

of kerogen) [s™],

Euler number, the base of the natural log-

arithm,

activation energy [cal/mol],

(universal) gas constant [cal/(mol-K)],

R = 1.987 cal/(mol-K),

temperature [K].

A —

E, -
R -

T -

The calculations are performed by mathemat-
ical optimizations of the experimental data to de-
termine the activation energy distribution (E,) for
the frequency constant (A) (Sweeney et al. 1987,
Burnham & Sweeney 1989, Burnham & Braun
1990, 2017, Hantschel & Kauerauf 2009).

Calculations of the kerogen activation energy
distribution were performed using the Kinetics15
software. The method proposed by the authors was
to calculate the discrete activation energy distribu-
tion with a constant value of the pre-exponential
factor A (Arrhenius constant). A graphical visual-
ization with the distribution of activation energy
and the value of the constant A is shown in Figure 3.

Ratio = 100.00 [%] 100.00
Sorption [g/gKerC] 0
Frequency factor [1e+25/Ma] 116.00 30.0
Activation energy [kcal/mol] | Fractions [%] —— Black Ol
43.00 0.34
44,00 0.18
45.00 1.75
46.00 1.40 20.0
47.00 6.85 g‘
48.00 6.86 g
49.00 18.58 ﬁ
50.00 w60 | 2
51.00 17.93 10.0 4
52.00 14.65
53.00 7.23
54.00 1.21
55.00 1.39
56.00 0.07 0 -
57.00 0.61 45.0
58.00 0.35
= 100.00

50.0 55.0
Activation Energy [kcalimol]

Fig. 3. Mass (single component) kinetic model of kerogen for analyzed sample
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Py-GC analysis

Py-GC analyses show that the proportion of in-
dividual fractions changes in successive stages of
pyrolysis (with increasing temperature). In the
temperature range of 400-475°C, the share of the
liquid hydrocarbon fraction in pyrolysis prod-
ucts exceeds 80%, while the share of the gaseous
fraction (C,-C,) ranges from over 13% to almost
19%. In contrast, at higher temperatures, the pro-
portion of the gaseous fraction increases rapid-
ly. At 500°C it is 40%, at 525°C it reaches almost
75%, and at higher temperatures (500-700°C) it

reaches 100% (Table 2). These results confirm that
under natural geological conditions the compo-
sition of generated hydrocarbons also changes
with the temperature of the source rock and the
degree of thermal transformation of the kerogen.
It also justifies the need for constructing and us-
age of multicomponent kerogen models for mod-
eling petroleum systems, as well as the dynamics
of generation process and the proportions of the
generated fractions which change with the degree
of thermal transformation of source rocks. The re-
sults of the analyses are presented in Table 2 and
Figure 4.

Table 2
Results of multi-stage pyrolysis (Py-GC) of sample No. 1
. . . o Proportion of pyrolytic fractions
Temperature Fraction of Proportion of pyrolytic fractions [%)] in total [%]
[°C] products [%]
CI_CS Cs_C14 C15+ Sum CI_CS C6—C14 C15+
400 3.47 18.82 38.81 42.37 100.00 0.65 1.35 1.47
425 4.98 13.04 42.20 44.76 100.00 0.65 2.10 2.23
450 12.13 15.23 50.90 33.87 100.00 1.85 6.17 4.11
475 13.77 16.91 49.81 33.28 100.00 2.33 6.86 4.58
500 40.20 40.51 44.45 15.04 100.00 16.29 17.87 6.05
525 14.96 74.48 24.42 1.10 100.00 11.14 3.65 0.16
550 2.15 100.00 0.00 0.00 100.00 2.15 0.00 0.00
600 3.39 100.00 0.00 0.00 100.00 3.39 0.00 0.00
700 4.95 100.00 0.00 0.00 100.00 4.95 0.00 0.00
800 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Fractional share
of total [%] 2100.00 X 43.40 > 38.00 > 18.60
mC1-C5 mC6-Cl4 mCl5+
as
40
. [
& 30
g 25
52
£is M
10 - . I
5
.
]
, o B em W mm N
400 425 450 475 500 525 550 600 700 800

Pyrolysis temperature [°C]

Fig. 4. Proportion of hydrocarbon fractions in multi-stage pyrolysis products (Py-GC)
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The adopted concept for the calculation of
activation energy distribution of

the three-component kinetic model of
kerogen

The mass (one-component) kinetic model and the
results of multi-stage pyrolysis Py-GC formed the
basis for the construction of a multi-component
kinetic model.

Constructing multi-component kinetic models
is a challenging task, mainly due to the inability to
record the k-reaction rate for each of the pyroly-
sis products separately. However, the k-reaction
rate can be realized by integrating the mass (one-
component) model with the results of the multi-
stage pyrolysis Py-GC. With a great simplifica-
tion, it can be assumed that the activation energy
of a compound (a component of kerogen) is pro-
portional to the temperature at which its crack-
ing takes place. Thus, in the first stage of pyrolysis,
the kerogen compounds with the lowest chemical
bond energy are cracked, and in each subsequent
stage, the compounds with higher and higher en-
ergy, until the compounds with the highest bond
energy (the highest activation energy), are com-
pletely cracked in the last stage of pyrolysis (the
highest temperature). Taking into account the law
of conservation of mass, it is possible to quantita-
tively assign the products of each stage of pyrolysis
(the content of individual fractions) to the parts
of kerogen with the appropriate activation energy,
the distribution of which has been calculated in
the mass model.

The basis for the construction of the multicom-
ponent model is the one-component kinetic mod-
el (Fig. 3) of kerogen developed for sample No. 1,
which is defined by the Arrhenius constant and
the calculated activation energy distribution.

The method proposed by the authors consists
of calculating the discrete distribution of activa-
tion energy for individual fractions, with a con-
stant value of the preexponential factor A (Ar-
rhenius constant), the value of which has been
optimized for the mass model in the Kineticsl5.
Construction of the three-component model was
based on the integration of a single-component
(mass) model (Fig. 3, Table 3) with the results of
multi-stage Py-GC pyrolysis (Table 2).

The method of calculating the activation ener-
gy distribution for the three-component model is
presented below. For a better understanding of the
calculation scheme proposed by the authors, its
description should be confronted with the results
in Table 3. It correlates the results of multi-stage
pyrolysis with the activation energy distribution
of the single-component kinetic model of kerogen.
The calculations take into account the law of con-
servation of mass, according to which the percent-
age of hydrocarbons formed during each pyrolysis
step by cracking kerogen is equal to the percentage
of the kerogen’s hydrocarbon potential that has
been depleted. With great simplification, it can
be assumed that in each of the successive stages
of pyrolysis of Py-GC, (at stepwise increased tem-
perature) kerogen with increasingly higher activa-
tion energy was cracked. The proportions of the
different fractions in each stage of pyrolysis, and
therefore kerogen with different activation ener-
gies were different. A comparison of the results
of multi-stage PY-GC pyrolysis with the activa-
tion energy distribution of the single-component
model (Table 3) for the studied sample reveals that
during certain stages of PY-GC pyrolysis, kerogen
with a wide range of activation energies is cracked
(e.g., stage I - kerogen with an activation energy of
43-46 kcal/mol, stage V - kerogen with an activa-
tion energy of 49-52 kcal/mol, or stage IX - kero-
gen with an activation energy of 53-58 kcal/mol).
Meanwhile, kerogen with a narrow activation en-
ergy range, such as 49 kcal/mol, spans three stag-
es of PY-GC pyrolysis (stages III, IV, and V), and
kerogen with an activation energy of 53 kcal/mol
extends from stage VI to stage IX.

The products of the first stage of Py-GC py-
rolysis (400°C) account for 3.47% of the hy-
drocarbons formed during all pyrolysis stages
combined (Table 2). Based on the distribution
of kerogen activation energy derived from the
mass model, it can be assumed that this amount
(3.47%) “depletes” kerogen with activation ener-
gy in the range of 43, 44, 45 kcal/mol (0.33% +
0.18% + 1.75%), and partially 46 kcal/mol (1.21%)
(Table 3). However, the proportion of hydrocar-
bons formed by cracking kerogen with an activa-
tion energy of 46 kcal/mol is 1.41%, so it was as-
sumed that the missing 0.2% was formed during

Geology, Geophysics and Environment, 2025, 51 (1): 27-42
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the second stage of PY-GC pyrolysis. A total of
4.98% of hydrocarbons were formed during the
second stage, so it can be assumed that the re-
maining 4.78% is a product of kerogen cracking
with an activation energy of 47 kcal/mol. The to-
tal amount of kerogen cracking products with an
activation energy of 47 kcal/mol is 6.85%, so the
missing 2.07% was assumed to have undergone
cracking during the third stage (450°C). The prod-
ucts of the third pyrolysis stage account for a to-
tal of 12.10% of the total hydrocarbons, of which
2.07% are from kerogen with an activation energy
of 47 kcal/mol, 6.86% with an activation energy of
48 kcal/mol, and 3.17% with an activation energy
of 49 kcal/mol. The remainder of the kerogen with
an activation energy of 49 kcal/mol was pyrolyzed
in the fourth stage at 475°C (13.77%) and in the
fifth stage at 500°C (1.62%). In the fifth pyrolysis
stage, a total of 40.20% of the organic matter un-
derwent cracking. In addition to 1.62% that was
kerogen with an activation energy of 49 kcal/mol,
20.60% was kerogen with an activation energy of
50 kcal/mol, 17.90% with 51 kcal/mol, and 0.02%
with an activation energy of 52 kcal/mol. The sub-
sequent pyrolysis step (525°C) produced 14.96%
hydrocarbons, of which 14.63% was from kerogen
with an activation energy of 52 kcal/mol, and the
remainder (0.33%) from kerogen with an activa-
tion energy of 53 kcal/mol. In addition, kerogen
with an activation energy of 53 kcal/mol under-
went cracking in the following pyrolysis stag-
es: 2.15% at 550°C, 3.39% at 600°C and 1.35% at
700°C. A total of 4.95% of the total hydrocarbons
were formed at 700°C, including 1.19% from ker-
ogen with an activation energy of 54 kcal/mol,
1.39% with 55 kcal/mol, 0.07% with 56 kcal/mol,
0.61% with 57 kcal/mol and 0.35% with an activa-
tion energy of 58 kcal/mol (Table 3).

The construction of the multicomponent mod-
el involved calculating the absolute percentag-
es of each hydrocarbon fraction for each discrete
activation energy value (derived from the single-
component model) across its range.

For example, the absolute percentage of the
C,-C, fraction for kerogen with an activation en-
ergy of 43 kcal/mol relative to the total hydrocar-
bon potential is 18.82% of 0.33%, which is equal to
0.06% of the total pyrolysis products. The percent-
ages of all hydrocarbon fractions were calculated

identically for kerogen with other discrete acti-
vation energy values, which was completely py-
rolyzed during only one of the pyrolysis stages.
Based on the absolute percentages of each fraction
corresponding to specific discrete activation ener-
gy values of the kerogen, the quantitative propor-
tions of each hydrocarbon fraction were also cal-
culated (Table 3).

In the case of kerogen with a specific discrete
activation energy value whose pyrolysis spanned
more than one stage (for kerogen with discrete
values of 46, 47, 49, 52, 53 kcal/mol), their abso-
lute percentages in each pyrolysis stage had to be
calculated and then summed. For example, for
kerogen with a discrete activation energy value of
49 kcal/mol, whose pyrolysis occurred during the
third, fourth and fifth stages, the proportions of
each fraction are as follows: for the C,-C, frac-
tion it is 3.48% (0.49% from stage III + 2.33% from
stage IV + 0.66% from stage V), for the C,-C,,
fraction it is 9.2% (1.63% + 6.86% + 0.71%, respec-
tively) and for the C,, fraction it is 5.91% (1.08% +
4.58% + 0.25%, respectively). According to the
above scheme, the absolute percentages of each
fraction were calculated for the remaining kero-
gen with specific discrete activation energy val-
ues (46, 47, 52, 53 kcal/mol), which was pyrolyzed
during more than one step (Table 3). The param-
eters of the kinetic model developed for the ker-
ogen of Menilite Beds and the visualization of
the distribution of kerogen activation energy are
shown in Table 4 and Figure 5.

The synthesis of results obtained from both
methods proves that the proportion of individual
hydrocarbon fractions generated during artificial
maturation changes with increasing temperature.
This indicates that the composition of hydrocar-
bons generated during the progressive thermal
transformation of the source rock under natural
geological conditions changes, and at each stage,
the proportion of the generated hydrocarbon frac-
tions may vary.

The thermal cracking of kerogen produces
both liquid and gaseous hydrocarbons. However,
as the thermal regime and the degree of thermal
transformation of kerogen increase, the dynam-
ics of the hydrocarbon generation process and the
molecular composition of the produced hydrocar-
bons changes.
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;Zfrj:niters of the developed kinetic model of kerogen of Menilite Beds
Ratio = 354.00 mg HC/g TOC 153.6 134.5 65.9
Ratio = 100% 434 38.0 18.6
Frequency factor [le+25/Ma] 116 116 116
Activation energy [kcal/mol] C,-C, fractions [%] C,-C,, fractions [%] C,,, fractions [%]
43 0.06 0.13 0.14
44 0.03 0.07 0.08
45 0.33 0.68 0.74
46 0.26 0.55 0.6
47 0.94 3.07 2.84
48 1.04 3.49 2.33
49 3.48 9.20 591
50 8.33 9.20 3.09
51 7.25 8.00 2.68
52 10.92 3.54 0.19
53 7.15 0.07 0
54 1.19 0 0
55 1.39 0 0
56 0.07 0 0
57 0.61 0 0
58 0.35 0 0
24340 > 38.00 X 18.60

25

20

Fraction content [%]

HCl1-C5 mC6-C14 mCl5+

15

10 ‘

5

0-_II|| ‘II.-

43 44 45 46 47 48 49 50 51 52 53 54 55 56 57 58
Activation Energy [kcal/mol]

Fig. 5. Visualization of the activation energy distribution of
the developed kinetic model of kerogen from the Menilite Beds

In general, at the initial stages of the thermal
transformation of kerogen, hydrocarbons with
a large number of carbon atoms in the molecule
predominate, and as the degree of thermal trans-
formation increases, the proportion of hydro-
carbons with a smaller number of carbon atoms
in the molecule increases; at the most advanced
stage, practically only methane is produced. How-
ever, depending on the specificity of the source
rock (maceral composition of the organic matter),
the temperature at which the hydrocarbon gener-
ation process is initiated, as well as the dynamics
of the process, and the composition of the generat-
ed hydrocarbons, in the same thermal regime for
different source rocks, can vary greatly. As a con-
sequence, implementing a random kinetic model
of kerogen (one of the ones offered in the petro-
leum system modeling software) into the petro-
leum system model creates the risk of obtaining
results with associated high inaccuracy.
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In addition, simulations of the developed ki-
netic model showed significant differences in
the proportions of individual hydrocarbon frac-
tions for different degrees of thermal transfor-
mation (Fig. 6). At 40% transformation (Fig.6A),
most of the hydrocarbons produced are in the
C,-C,,fraction, whichisabout twiceas muchasthe
C,-C, fraction, while the amount of the C ,, frac-
tion is intermediate. As the thermal transforma-
tion of kerogen increases, the proportion of light-
er fractions increases. At 70% transformation, the
C,-C,, fraction accounts for about 45% of the

total, the C,-C, fraction for about one-third,
and the C,,, fraction for the remainder (Fig. 6B).
When the initial hydrocarbon potential is fully
realised, the C -C; fraction will account for more
than 43%, the C,-C, fraction will account for
38%, and the C,,, fraction will account for more
than 18% (Fig. 6C).

The presented results, in the authors’ opin-
ion, sufficiently justify the rationale for construct-
ing and implementing multi-component kinetic
models of kerogen for the source rocks of the ana-
lyzed petroleum systems.
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Fig. 6. Variability in the shares of individual hydrocarbon fractions generated, based on the degree of thermal transforma-
tion (TR) of kerogen from the Menilite Beds, calculated using the kinetic model developed for the selected sample (No. 1):

A) TR =40%; B) TR = 70%; C) TR = 100%
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DISCUSSION

The results of comparative simulations conduct-
ed on kinetic models of kerogen developed for
source rocks from various petroleum basins show
that the degree of thermal transformation of the
kerogen under identical thermal conditions var-
ies significantly. For example, with a temperature
increase from 20 to 120°C at a rate of 2°C/Ma,
the thermal transformation coefficient of Type II
kerogen differs considerably, ranging from a few
percent for models such as Abu-Ali(1999)_TIIQu-
saiba and Dieckman(2000)_TII(WestCanadaB),
to 33% for the Quiglay_et_al(1987)_TII model
and 55% for the Behar_et_al(1997)_TII-(MontSh)
model. Most commonly, it ranges 12-18%, as seen
in models such as Behar_et_al(1997)_TII(PB),
Vandenbroucke_et_al(1999)_TII(NorthSea),
Dieckman(1998)_TII(LowSaxonianB), and Burn-
ham(1989)_TII. For the model developed for the
Menilite_Shales_(SilesianUnit), it is 45%. This in-
dicates that kerogen from source rocks with the
same initial hydrocarbon potential (the same hy-
drogen index, HI), when subjected to the same
thermal regime, undergoes cracking to varying de-
grees, resulting in different generation efficiencies.
For comparison, in the simulations, an identical
hydrogen index (HI) value of 354 mg HC/g TOC,

corresponding to the value measured for the kero-
gen in the analyzed sample, was assumed for each
model. The efficiencies, corresponding to the de-
gree of transformation, vary with increasing tem-
perature, depending on the kinetic parameters of
the kerogen. These changes are most easily ob-
served using the Burnham(1989)_TII model as
an example. For this model, the degree of kero-
gen transformation during a temperature increase
from 20 to 120°C at a rate of 2°C/Ma reaches one
of the lowest values among the compared models,
amounting to only about 18% (Fig. 7). In contrast,
under a higher thermal regime (temperature in-
crease from 20 to 150°C at a rate of 2.6°C/Ma), the
degree of transformation is the highest, reaching
95% (Fig. 8).

Moreover, the amount of generated hydrocar-
bons, both gaseous and liquid, as well as the ra-
tios between these amounts, change with increas-
ing temperature depending on the chosen model.
For the model developed by the authors, Menilite_
Shales_(SilesianUnit), at a temperature of 120°C
with a rate of 2°C/Ma, the amount of the gaseous
fraction exceeds 30 mg HC/g TOC, and the liquid
fraction exceeds 110 mg HC/g TOC. In the same
thermal regime, for the Burnham(1989)_TII model,
the amounts are approximately 10 mg HC/g TOC
and over 40 mg HC/g TOC, respectively (Fig. 9).

== Transformation Ratio
Menilite_Shales_(SilesianUnit)

**** Transformation Ratio
Abu-Ali(1999)_TII(Qusaiba)

== Transformation Ratio
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Quigley_et_al(1987)_TII

== Transformation Ratio
Behar_et_al(1997)_TII-S(MontSh)
Transformation Ratio
Behar_et_al(1997) TII(PB)

== Transformation Ratio
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**** Transformation Ratio
Burnham(1989)_TII
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Fig. 7. Transformation ratio (TR) (realization of initial hydrocarbon potential) of Type II kerogen for a temperature interval of

20-120°C at a rate of 2°C/Ma, depending on the kinetic model
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Fig. 8. Transformation ratio (TR) (realization of initial hydrocarbon potential) of Type II kerogen for a temperature interval of
20-150°C at a rate of 2.6°C/Ma, depending on the kinetic model
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Fig. 9. Hydrocarbon generation efficiency curves for liquid and gaseous fractions in the temperature range of 20-120°C at a rate
of 2°C/Ma for the models: Menilite_Shales_(SilesianUnit) and Burnham(1989)_TII

For the Menilite_Shales_(SilesianUnit) mod- realization of the initial hydrocarbon potential. In
el, increasing the temperature to 150°C at a rate  the same thermal regime, for the Burnham(1989) _
of 2.6°C/Ma results in the liquid fraction rising  TII model, the liquid fraction increases to nearly
to 190 mg HC/g TOC and the gaseous fraction 290 mg HC/g TOC, and the gaseous fraction to
to over 130 mg HC/g TOC, indicating over 90%  over 50 mg HC/g TOC (Fig. 10).
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Fig. 10. Hydrocarbon generation efficiency curves for liquid and gaseous fractions in the temperature range of 20-150°C at a rate
of 2.6°C/Ma for the models: Menilite_Shales_(SilesianUnit) and Burnham(1989)_TII

It should be noted that the temperature in-
crease from 120 to 150°C causes nearly a sev-
enfold increase in the amount of generated lig-
uid hydrocarbons for the Burnham(1989) TII
model, resulting in a value approximately 100
mg HC/g TOC higher than for the Menilite_
Shales_(SilesianUnit) model, where the amount
only nearly doubles. For the gaseous fraction, the
quantitative proportions are different. For the Me-
nilite_Shales_(SilesianUnit) model, there is about
a fourfold increase, while for the Burnham(1989)_
TII model, the increase is nearly sevenfold.

CONCLUSIONS

The developed procedure for calculating the pa-
rameters of the thermal decomposition of kero-
gen, on the example of selected samples of Meni-
lite source rocks, showed that the application of
a multicomponent kinetic model to simulate pe-
troleum processes allows the precise assessment
of the composition of generated hydrocarbons
during thermal transformation.

Such a scheme, based on the integration of
easily available analytical techniques (Rock-Eval
and Py-GC), will enable the implementation of
parameters characterizing the elements of the
analyzed petroleum system into the PetroMod

Kinetics Editor. This justifies the desirability of
the adopted concept of creating multi-component
kinetic models of kerogen. The methodological
approach seems to be universal and can be used in
further research studies of petroleum systems in
Poland to build Poland’s specific database of ker-
ogen kinetics of hydrocarbon source rocks in an-
alyzed petroleum basins. The methodology used
to date for the assessment of kinetic parameters
in the Kineticsl5 program, based on the results
of Rock-Eval pyrolysis, allowed us to determine
the distribution of activation energy in terms of
total hydrocarbon production, which is a signifi-
cant simplification. The quantitative distribution
of the generated hydrocarbons into individual
fractions over time will enable the creation of the
reliable modeling of petroleum systems in terms
of time, space and the type of expected accumu-
lations.

This paper was written on the basis of the stat-
utory work entitled “Opracowanie metodyki kon-
strukcji wielokomponentowych modeli kinetycz-
nych kerogenu” - the work of the Oil and Gas
Institute — National Research Institute which was
commissioned by the Ministry of Science and High-
er Education; order number: 55/SG/22, archive
number: SG-4101-43/22.
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