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ABSTRACT

Accurate prediction of the composition of pyrolysis products is the prerequisite for achieving directional
regulation of organic-rich shale pyrolysis and conversion products. In this paper, the classical segmented
pyrolysis kinetics model and a new refined pyrolysis kinetics model were used to forecast the compo-
sition distribution of hydrocarbon generation products co-heated by supercritical water and medium and
low maturity organic-rich shale. The prediction accuracy of the two reaction kinetics models for the
composition of pyrolysis products of organic-rich shale was compared. The reaction path of hydrocarbon
generation in centimeter sized organic-rich shale under the action of supercritical water was identified.
The results show that the prediction accuracy of the classical segmented pyrolysis kinetics model was
poor at the initial stage of the reaction, and gradually increased with increasing time. The prediction
error can reach less than 25% when the reaction time was 12 h. The new refined model of reaction ki-
netics established is better than the classical reaction kinetics model in predicting the product distri-
bution of pyrolysis oil and gas, and its prediction error is less than 14% in this paper. The reaction paths of
hydrocarbon generation in centimeter sized organic-rich shale under supercritical water conversion
mainly include organic-rich shale directly generates asphaltene and saturated hydrocarbon, asphaltene
pyrolysis generates saturated hydrocarbon, aromatic hydrocarbon and resin, saturated hydrocarbon,
aromatic hydrocarbon and resin polymerization generates asphaltene, and saturated hydrocarbon, resin
and asphaltene generates gas. The reason for the difference of centimeter sized and millimeter sized
medium and low maturity organic-rich shales hydrocarbon generation in supercritical water is that the
increase of shale size promotes the reaction path of polymerization of saturated hydrocarbon and aro-
matic hydrocarbon to asphaltene.
© 2025 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This
is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

1. Introduction

characteristics of MLMSO is that most of it is stored in the form of
solid kerogen in the shale porous medium, which together with the

Energy security is troubling mankind. Oil is important compo-
nents of energy. As non-renewable resources, conventional oil is
gradually depleted. However, the development of human economy
and society cannot be separated from oil, there must be new sub-
stitutes. Therefore, people begin to pay attention to the uncon-
ventional oil resources of medium and low maturity shale oil
(MLMSO) (Zou et al., 2013; Jin et al., 2019; Zhao et al., 2020). The

* Corresponding author.
** Corresponding author.
E-mail addresses: xietian@xsyu.edu.cn (T. Xie), qyzhao@mail.xjtu.edu.cn
(Q.-Y. Zhao).

https://doi.org/10.1016/j.petsci.2025.02.020

shale porous medium forms the medium and low maturity organic-
rich shale (MLMOS) system (Guo et al., 2024). This part of the oil
resource is difficult to flow, so there are a lot of ways that people are
thinking about to make this resource flow. All these methods
belong to the category of thermal conversion methods (Deng et al.,
2012; Hou et al., 2020; Kang et al., 2020a, 2020b). However, despite
achieving varying degrees of hydrocarbon generation efficiency,
most of these technologies suffer from issues such as low conver-
sion efficiency, high energy consumption, or difficulties in control
(Akiya and Savage, 2002; Tang et al., 2013; Hu et al., 2024).

The excellent performance of supercritical water (SCW) in the
field of macromolecular organic matter conversion has attracted
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the attention of petroleum workers, and it has been applied to the
field of in-situ conversion of MLMOS (Reddy et al., 2014; Rodriguez
and Kruse, 2018; Rana et al., 2019; Wang et al., 2021). Its most
unique properties are undoubtedly its strong heat-carrying ca-
pacity and its hydrogen supply capacity as a reactant (Weingartner
and Franck, 2005; Zhao et al., 2018; Guo et al., 2015). At the same
time, the problems related to SCW in-situ conversion MLMOS to
generate hydrocarbon have been widely studied (Yanik et al., 1995;
Hu et al., 1999; Veski et al., 2006; Nasyrova et al., 2020; Liang et al.,
2021). It mainly focuses on the following aspects. The first is the
research and development and design of the transformation
experimental system. At present, two kinds of static and dynamic
experimental systems have been initially formed, and the static
system is characterized by simple operation flow. The dynamic
system is characterized by on-line testing of the product. The sec-
ond is the influencing factors and the composition of the conver-
sion products. Physical properties of SCW, artificially controlled
working conditions and reactant size are the key factors affecting
the conversion process. Oil phase products are mainly asphaltene,
gas phase products are mainly methane, hydrogen, carbon dioxide
and so on. Some water-soluble organic substances are also formed.

In addition, in order to explore the reaction path of hydrocarbon
generation by pyrolysis of MLMOS, the kinetic characteristics of
hydrocarbon generation by pyrolysis of MLMOS have been widely
investigated (Brandt, 2008; Wang et al., 2014; Sun et al., 2019; Kang
et al., 2020, 2024; Xie et al., 2023a,b; Chen et al., 2024). The pre-
decessors mainly focus on the model building, the calculation of the
model and so on. The existing models are mainly parallel reaction
models under a large number of assumptions, and a few people
have established the total first-order, segmented first-order and
total N-order pyrolysis reaction kinetics models. Among them, the
parallel reaction model consisting of many first-order reactions can
describe the process of hydrocarbon generation most succinctly
and accurately. Li and Yue (2003) established a reaction kinetics
model consisting of several parallel first-order reactions, and found
that there was an exponential relationship between product con-
version rate and activation energy through fitting and solving. In
addition, many parallel reaction models were established and fitted
solutions to obtain kinetic parameters, thus revealing the mecha-
nism of pyrolysis hydrocarbon generation (Bar et al., 1988; Huang
et al., 2023; Zheng et al., 2023). In addition to the model method,
there are some model-free linear fitting methods to obtain the ki-
netic parameters (Ozawa, 1965; Flynn and Wall, 1966; Sun et al.,
2015). Such as Ozawa-flynn-wall (OFW) integral method,
kissinger-akhira-sunose (KAS) method and isothermal induction
stage method. Model-free method is a method that can obtain the
kinetic parameters without assuming the mechanism function,
avoiding the determination of the specific form of the mechanism
function fla).

There is another important discovery about water in previous
studies, that is, whether water is involved in the process of hy-
drocarbon generation in MLMOS pyrolysis will have a significant
impact on the kinetic parameters (Fang et al., 2012; Lin et al., 2016;
Ma and Li, 2018; Zhao et al., 2022). Water can change the reactivity
of each single reaction in the pyrolysis of MLMOS, and cause the
fluctuation of energy required in the reaction process (Zhao et al.,
2022).

Overall, the pyrolysis of MLMOS is a very complicated process.
The pyrolysis process can be divided into many reactions, and the
energy required for the successful occurrence of different reactions
is different. The traditional kinetics model of MLMOS pyrolysis for
hydrocarbon generation was established on the basis of the
segmented pyrolysis hypothesis, which is characterized by a highly
lumped and macroscopic view of the substances in the reaction
system. However, the existing models do not consider the presence

2204

Petroleum Science 22 (2025) 2203—2214

of SCW, and the addition of SCW will undoubtedly complicate the
pyrolysis process. In addition, most of the reaction kinetics models
established by predecessors are based on millimeter scale shale
pyrolysis experimental data. However, this is quite different from
the actual field size, mainly due to the difficulty of fracturing the
fracture network unit to the millimeter scale in the shale field.
Therefore, in order to more truly describe the pyrolysis process of
MLMOS under field conditions, this paper mainly used the exper-
imental data of hydrocarbon generation of centimeter sized
MLMOS under SCW in-situ conversion, and firstly established a
classical four-phase lumped reaction kinetic model of solid-oil-gas-
water. In addition, a new refined reaction kinetics model was
proposed in this paper, in order to find out the reaction path of
hydrocarbon generation under SCW in-situ conversion of centi-
meter sized MLMOS, and improve the prediction accuracy of hy-
drocarbon product distribution after conversion of organic-rich
shale.

2. Experiment section
2.1. Material

The MLMOS used in this paper is taken from ShanBei, China.
Table 1 shows its detail characteristics. The initial shale character-
istics before the reaction were measured using an elemental
analyzer (Elementar Vario Macro cube on CHNS mode) and a
proximate analyzer (Kaiyuan Instrument 5E-MAG6700 on TGA
mode). The type of kerogen in MLMOS was judged by the element
composition. The size range of MLMOS used in this experiment is
10—40 mm.

2.2. Method

The experimental system used in this paper has been described
in detail in the team'’s previous research (Xie et al., 2023a, 2023b).
The experimental system diagram is shown in Fig. 1. The reaction
system can be divided into leak detection device, monitoring device
and heating device.

The experimental steps of this paper have also been introduced
in detail in the previous work (Xie et al., 20233, 2023b), and this
paper will briefly describe them. The procedure for the experiment
is outlined below: Initially, a measured amount of MLMOS and
purified water were added into the reactor. Subsequently, inert gas
was employed to check for any leaks. Once a leak-proof seal was
confirmed, the heating mechanism was activated. The process
timer was initiated upon reaching the target reaction temperature,
and the heating was ceased once the predetermined duration was
completed. The reactor is then immediately cooled to room tem-
perature by a water bath. It should be noted that the cooling time of
the water bath is not included in the reaction time of the experi-
mental design, and the cooling time of the water bath is very short
and almost negligible. Once the interior temperature of the reactor
matched room temperature, it was opened, and the gaseous
products were gathered using an airbag. The liquid components
and solid residues within the reactor were subsequently trans-
ferred to a centrifuge tube, to which carbon disulfide (CS;) was
added before proceeding with centrifugation. Post-centrifugation,
the tube separated into three distinct layers: water at the top, a
CS; oil solution in the middle, and shale residue at the bottom. The
CS, oil solution was then placed in a drying oven set at 46 °C to
evaporate the CS,, leaving behind the oil. The solid residue was
treated in a drying oven at 100 °C to remove any water and CS,.
Throughout the experiment, the computer, data acquisition system,
and temperature and pressure sensors continuously monitored and
documented the internal conditions of the reactor. The total carbon
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Table 1
Proximate analysis and elemental analysis of the shale.
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Proximate analysis, wt% Elemental analysis, wt% Ro Kerogen type
moisture ash volatile matter fixed carbon carbon® hydrogen nitrogen sulphur 0.52 Il
1.56 72.698 10.53 15.228 16.423 1.55 1.07 5.13

2 The organic carbon content of the experimental samples used in this paper is 16.25 wt%.
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Fig. 1. Experimental system diagram.

content of solids was analyzed by grinding the solid sample to less
than 100 mesh and weighing 50 mg into the element analyzer
(Elementar vario MACRO cube). The resulting oil was analyzed for
its composition using a SARA analyzer (IATROSCAN MK-6S) and an
elemental analyzer (Elementar vario Macro cube). SARA analysis is
to burn soluble organic samples that are non-volatile at room
temperature in a flame, dilute them with solvent and point them
onto a thin layer rod coated with silica gel and alumina adsorption,
remove the solvent and put them into the corresponding devel-
opment tank for development and separation under a certain
saturated vapor pressure environment. After sample development,
the thin layer rods are sequentially entered into the hydrogen flame
detector, and a certain scanning speed is selected for combustion
ionization to obtain the corresponding component ion flow dia-
gram (chromatogram). The gaseous products were characterized by
gas chromatography (Agilent 7890a), which is equipped with a
thermal conductivity detector and a flame ionization detector. The
capillary column C2000 purchased from Lanzhou Institution of
Chemical Physics in China and the column Agilent J&W HP-PLOT
Al;03 KCl was used for analyzing the fractions of Hy, CO, CHy,
CO3, and gaseous light hydrocarbons (C, ). High-purity argon was
used as a carrier gas with a flow rate of 30 mL-min .

2.3. Construction of reaction kinetic model

2.3.1. Reaction rate description

As we all know, the purpose of the study of reaction kinetics is to
reveal the reaction mechanism. The most important step is to
obtain the kinetic parameters. However, the complexity of material
composition of MLMOS makes its reaction during pyrolysis more
complicated, so some necessary assumptions must exist. Assuming
that the reaction process is an isothermal homogeneous reaction,
the reaction rate can be expressed by the following equation (Xie
et al.,, 20233, 2023b). The kinetic parameters can be obtained by
fitting and solving the following Eq. (1).

dx

ar = KT f(x) = Aexp( - Ea/RT)- f(x) (1)
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Where: t—reaction time; x—Concentration; k(T) Aexp
( — Eq/RT)—reaction rate constant; E,—activation energy; A—pre-
factor; R—molar gas constant; T—temperature; f{x)—mechanism
function (Xie et al., 2023a, 2023b).

2.3.2. Model building

This paper includes two kinetic models of hydrocarbon gener-
ation, both of which are based on lumping idea. One is a kinetics
model based on classical segmented pyrolysis theory, and the other
is a new refined reaction kinetics model proposed by our team.

Classical segmented reaction kinetics model for hydrocarbon
generation by pyrolysis of organic-rich shale.

It is assumed that there are only 4 kinds of substances in the
reaction system, which are MLMOS and its intermediate products
(denoted as SO), oil phase products (denoted as O), gas phase
products (denoted as G) and water phase substances (denoted as
W). In addition, it is assumed that the process of converting MLMOS
and other intermediates produced by pyrolysis into oil phase
products is reversible.

Based on the classical pyrolysis kinetics theory and the above
assumptions, the co-heating process of hydrocarbon generation
between MLMOS and SCW consists of three parallel first-order
reactions was proposed. Fig. 2 shows the reaction network in this
kinetic model.

According to the classical segmented reaction kinetics model for
hydrocarbon generation by pyrolysis of organic-rich shale. The
main reactions between MLMOS and SCW are shown in Egs.

(2)—(4).

k]f
SO+W =2 0 (2)
k]r
so+w X g (3)
0O+W ﬁ G (4)

Because it is difficult to obtain the correct value of the mass of water
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Superecritical
ks water

MLMOS and its intermediate products

k,

Gas

Fig. 2. Reaction network based on the theory of segmented pyrolysis of MLMOS.

in the reactor after the reaction, some simplified treatment is done
here. Suppose that the concentration of water in the reaction sys-
tem is a constant value 1. According to the reaction path shown by
the reaction network, the change of the composition distribution of
the four substances in the reaction system with the reaction time is
expressed by Egs. (5)—(8) respectively. It should be noted that kqf
represents the reaction rate constant of the forward reaction and
kqr represents the reaction rate constant of the reverse reaction.

dC,
¢ = kirGso—kirCo — k3 Co ©)
dC.
d—io = —kitCso + k1:Co — k2Cso (6)
dC,
d—tG: kaCso +k3Co )
dg\tN = —k1Cso — kaCso — k3Co + k1,Co ®)

New refined reaction kinetics model for hydrocarbon gen-
eration by pyrolysis of MLMOS.

In order to more accurately explain the complex reaction path
involved in the co-pyrolysis reaction of MLMOS with SCW, and to
achieve accurate prediction and effective control of hydrocarbon
generation products, the model was constructed based on the
following assumptions.

1) According to the lumped parameter idea, the oil phase
products were divided into four parts, respectively saturated hy-
drocarbons, aromatics, resins and asphaltenes. in this study, the
MLMOS and other intermediates generated during pyrolysis pro-
cess are regarded as a comprehensive phase (SO). All gas products
are also treated as another composite phase (G). Therefore, in this
reaction model, the reactants and products involved can be
generalized as saturated hydrocarbons (Sa), aromatics (Ar), resins
(Re), asphaltenes (As), water (W), MLMOS and other intermediates
(S0), and natural gas (G).

2) It is assumed that the As in many reactions are hydrolyzed to
produce Sa, Ar and Re are reversible, and that all reactions are first-
order reactions.

According to the above hypothesis, the co-heating process of
hydrocarbon generation between MLMOS and SCW is composed of
eleven parallel first-order reactions. The reaction network is shown
in Fig. 3.

The main reaction between MLMOS and SCW is shown in the

k5f

kr
ke, K Kl kel |

A
Aromatic :
hydrocarbon | Resin || Asphaltene
sz ks K,
MLMOS and its

intermediate products
ks ——— Ko

Kg >| I
Gas |«
Supercritical water atmosphere

K

Fig. 3. Reaction network of organic-rich shale in SCW atmosphere.

following equations:

SO+ w X sa (11)
so+w % ar (12)
SO+ W X Re (13)
kq
SO+ W % As (14)
k5f
As+W 2 Sa (15)
k5r
k6f
As+W =2 Ar (16)
k6r
’(7f
As+W = Re (17)
k7¢
ks
Sa+W 3G (18)
ko
Ar+W 3G (19)
Re+W ™8 G (20)
As+ WS G (21)

According to the above equations, the substances in the hy-
drocarbon generation reaction system are divided into seven main
categories. In addition to SCW, gaseous substances and organic-rich
shale and its pyrolysis intermediates, the model pays special
attention to the four main oil production components: saturated
hydrocarbons, aromatics, resins and asphaltenes. The model as-
sumes that the concentration of water remains constant, always 1.
As with typical reaction kinetics models, the mass ratios of these
seven substances change over time, as described by Eqs. (22)—(28).

dcC
dls'a = kl CSO + kaC/-\s — kSrCSa — knga (22)
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dCpr

325 = kaCso + ket Cas —KerCar — koCar (23)
ddC?e = k3Cso + k71Cas — k7:Cre — Kk10Cre (24)
dglgs = kaCso — ksfCas + k5rCsa — kerCas+KerCar

— k7tCas+k7:Cre — k11Cas (25)
950 _ 1650 ~ kaCso ~ ka0 ~ kaCso (26)
dstG= kgCsa + koCar + k10Cre + k11Cas (27)
dgzN — —k1Cso — kaCso — ksCso — kaCso — ksrCas + kseCsa

— kerCas+kerCar — k7rCas+k7:Cre — kgCsa — kgCark1oCre
— k11Cas
(28)

3. Result and discussion
3.1. Components distribution of product

Figs. 4—6 shows the variation of product composition with
increasing time (60—720 min) at temperatures of 380, 400 and
430 °C. It is noted that the pressure (P) and water-shale mass ratio
(R) was kept constant in this paper (P = 24 MPa, R = 1). The results
show that under the three temperature settings, the variation trend
of the mass fraction (MF) of each component with time is generally
the same. The MF of kerogen, resin and asphaltene showed a
decreasing trend, while the MF of saturated hydrocarbon, aromatic
hydrocarbon and gas showed an increasing trend with increasing
time. It can also be seen from Figs. 4—6 that the influence of tem-
perature on hydrocarbon generation characteristics. Take a time
point as an example, such as 60 min. The MF of kerogen and the
total MF of saturated hydrocarbons and aromatics decreased, while
the total MF of resin, asphaltene and gas increased with increasing
temperature. It can also be seen from Figs. 4—6 that when the re-
action time is 60 min, the total MF of kerogen, saturated hydro-
carbon and aromatic hydrocarbon gradually decreased, while the
total MF of resin and asphaltene gradually increased with
increasing temperature. Of course, the change trend of MF with
temperature at this fixed time point can also basically represent the
trend at other reaction time points. From the point of view of fuel
products, the MF of oil recovery gradually increased with increasing
time at 380 °C. The MF of oil recovery first increased and then
decreased at 400 and 430 °C. This reflects the fact that higher
temperatures lead to earlier peaks in oil production, and that more
oil is converted to gas with increasing time.

3.2. Fitting and solving of kinetic parameters of hydrocarbon
reaction

3.2.1. Calculation method of fitting solution

The classical pyrolysis kinetics involved in this paper was similar
to the new refined pyrolysis kinetics parameters fitting method.
The contents of each component of each time step were calculated
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Fig. 4. The relationship between product composition distribution and time in the
reaction system at 380 °C.
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Fig. 5. The relationship between product composition distribution and time in the
reaction system at 400 °C.
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Fig. 6. The relationship between product composition distribution and time in the
reaction system at 430 °C.
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by Runge-Kutta fourth order method (Xie et al., 2023a,2023b). Due

to the amounts of lumped products involved in the two reaction dCar —F>(Cen. Car. Con. Cac. Con. Con. G 36
kinetics models was the difference, their calculation methods were dt 2(Csa: Car: Cre: Cas, Cs0: Co. Cw) (36)
also slightly different, as follows.
dCRe
(1) For the classical segmented pyrolysis reaction kinetic model, dr = F3(Csa; Car; CRre, Cas; Cso, Cg, Cw) (37)
the specific calculation method is shown in Egs. (29)—(32).
dCas
dc =F4(Csa; Cars Cre, Cas, Cso0, Ca, Cw) (38)
4t =F1(Co. Cso. C, Cw) (29)  dt
dC.
dCso ~ar_=F5(Csa. Car. Cre. Cas: Cs0. Ca» Cw) (39)
4C6 _ F(Coar Cars Cres Cas, Cs0, G G 40
dce ~ar — F6(Csa; Car: Cre, Cas. Cso, o, Cw) (40)
AW _ £ (Car. Car. Cre. Cas. Cso. G G (41)
dCw ~dr ~ F7(Gsa, Car, Cre; Cas, G0, Ca, Cw)
~dar ~ F4(Co, Gso, Ca: Cw) (32)
Use the step size h for the variable t, and construct the value in
Use the step size h for the variable t, and construct the value in accordance with the rules of the function and the initial value:
accordance with the rules of the function and the initial value:
[ A;j = Fi(Gsa; Car, Cre, Cas, Cso, G, Cw)
h h h h h h h
Bi=F (CSa +5A1, Car + 572, Gre +5A3, Cas + 544, Cso + 545, €6 + 546, Cw + §A7)

(42)

h h h h h h h
G = Fi((Csa + 581 + 3B Cre + B3: Cas + 584, Cso -+ 5B, C + 5B, G + 357 )

|l D; = Fi(CSa + hC] ,Car + hCz7 Cre + hC3, Cas + hC4, Cso + th7 Ce + l’lC67 Cw + hC7)

Then the following iterative equation can then be used to calculate
the MF of the saturated hydrocarbons in section j+1:

[ A; = F(Co, Cso, Cg, Cw)
h h h h G —d + A, 428,420, +D 43
Bi:Fi C0+5A1,C50+5A2,CG+§A3,Cw+jA4 Sa — Sa+6( 1+ 1+ 1+ l) ( )
h h h h (33) h
- _ F. ° n n n wherej=12 ---n.
G=F (CO + 231 »Cso + 232’ Co+ 233’ Cw+ 234) Similarly, the MF of other lumped substances in the reaction
D; = Fi(Co + hCy, Cso + hCy, Cc + hC3, Gy + hCy) system can be calculated by the above method.
L 1 71 bl 3’ i

In this paper, the calculation method of the reaction rate con-
stant k is based on the sum of squares of the residual difference
between the fitting value and the experimental value. The value of
‘k’ is determined by minimizing this objective function. As shown in
Eq. (44) (Dong et al., 2023; Xie et al., 2023a, 2023b).

Then the following iterative equation can then be used to calculate
the MF of the oil phase material in section j+1.

=g +g(A1 +2B;1 +2C; +Dq) (34) - ,
SSR( k) = Z:; jnll (Wp;, g, fit — Wp,»., t, experiment) (44)

wherej =12 ---n.

The iterative equations for the MF of organic-rich shale and its _
intermediate products, gas and water in the transformation process k= {kl K2, k3, ka, ksg, kse, Kot , Ker, k75, k7, kg, ko, K10, k11 } €(0,1)
can also be derived by applying the above method. By repeating this
process, the initial estimated value is used to gradually calculate the
parameter value of each section until the entire calculation process
is completed.

For the new refined reaction kinetics model, the specific calcu-
lation method is shown in Egs. (35)—(41).

where W), . g is the MF fitting calculated value of p; component in
tj time reaction system; W), ¢ experiment iS the experimental MF of p;
component in j time reaction system.

In Python 3.8.7, we formulated a least squares optimization
problem for SSR minimization. To minimize the sum of squared
dCs, re;i.duals and .detem.lin.e the parame?ers of thg kinet-ic model,. we

T F1(Csa, Car, Cre, Cas, Cso, C, Cw) (35) utilized the sc1py.optlml;e.basmhoppmg fu_nc_thn, vyhlch comblnes
a global stepping algorithm with local minimization algorithms.
During the regression process, the following constraints must be
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met: all reaction rate constants must adhere to the linear law of the
Arrhenius equation. The accuracy of the model is assessed using the
coefficient of determination (R%), as shown in Eq. (45) (Dong et al.,
2023; Xie et al., 2023a, 2023b).

Vi)

e
[\

I

-

|
It

(45)
i —¥)?

It

where y; is the regression to the true value; ¥ is the fit the predicted
value; y is the fit the average of the predicted values.

3.2.2. Fitting and solving of classical segmented reaction dynamics
model

The comparison between the experimental results of centimeter
sized MLMOS under the action of SCW (380—430 °C) and the fitting
values of the classical segmented pyrolysis kinetics model is shown
in Fig. 7(a)—(c). The analysis in this paper involves not only
comparing the calculated results of the designing time points with
the experimental data, but also further calculating the fitted values
at 120, 360, and 600 min. The curves shown in Fig. 7(a)—(c) is
calculated by smoothly connecting seven operating points. It
should be noted that these curves at adjacent operating points do
not directly correspond to the calculated values. The determination
coefficients obtained at three different temperature conditions are
all more than 0.9, which indicates that the traditional segmental
pyrolysis reaction kinetic model has high accuracy. Based on this,
the reaction rate constant k was calculated and the Arrhenius
equation was applied to predict the pre-factor A and activation
energy E,. These calculations are summarized in Table 2. Through
the analysis of Tables 2 and it can be found that the reaction rate
constants of kifand ky are significantly higher than other reactions,
and the value of kq¢is lower than ky. This indicates that the reaction
pathway of oil and gas phase formation is the main pathway in
organic-rich shales, especially in SCW environment, and the pro-
cess of gas phase formation is more favorable than oil phase for-
mation. In addition, Table 2 also shows that the value of ky; is
greater than k3, which indicates that the coking reaction path of oil
phase substances is more significant than the gasification reaction
path. Combining these analysis results, we can conclude that from
the classical reaction kinetics simulation results, the gasification
trend of organic-rich shale in SCW environment is more obvious,
and the contribution of polymerization coking to the reduction of
oil content is more significant.

3.2.3. Fitting and solving of refined reaction kinetics model

The comparison between the real pyrolysis experimental results
and the fitting settlement results of hydrocarbon generation in the
MLMOS of centimeter sized under the action of SCW (380—430 °C)
is shown in Fig. 8(a)—(c). The analysis in this paper involves not
only comparing the calculated results of the designing time points
with the experimental data, but also further calculating the fitted
values at 120, 360, and 600 min. The curves shown in Fig. 8(a)—(c)
is calculated by smoothly connecting seven operating points. It
should be noted that these curves at adjacent operating points do
not directly correspond to the calculated values. Under the three
different temperature conditions, the obtained coefficient of
determination is more than 0.9, which indicates that the new
refined model has a high accuracy.

Accordingly, when the reaction rate constant k is solved,
through the Arrhenius formula for forecasting refers to the former
factor A and activation energy E.,.
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Fig. 7. (a) Fitting curves of the classical segmented pyrolysis kinetics model at 380 °C
(R?> = 0.93); (b) Fitting curves of the classical segmented pyrolysis kinetics model
400 °C (R? = 0.92); (c) Fitting curves of the classical segmented pyrolysis kinetics
model 430 °C (R? = 0.92).

The fitting solution results are shown in Table 3. The main re-
action paths of hydrocarbon generation in SCW of massive shale are
shown in Fig. 9. The main reaction path of centimeter sized MLMOS
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Table 2

Fitting results of classical segmental pyrolysis reaction kinetics model.
k, min~! Temperature, °C A E, R?

380 400 430

far 276 x 107> 435 x 107° 1.45 x 1074 1.07 x 10° 1.29 x 10? 9.76 x 107!
kar 1.93 x 107 9.80 x 10711 3.01 x 10710 6.03 x 10° 2.05 x 10? 9.58 x 107!
ko 137 x 1074 2.85 x 1074 697 x 1074 1.07 x 108 1.24 x 10? 9.98 x 107!
ks 6.70 x 1077 121 x 1076 3.10 x 1078 1.56 x 10° 1.17 x 10? 9.99 x 107!

in SCW can be inferred by the reaction rate constant.

As can be seen from Table 3, the results of this study are
consistent with the hypothesis of segmented pyrolysis, that is,
asphaltene participates in a series of continuous re-pyrolysis pro-
cesses as an intermediate product of the pyrolysis reaction. kq is
significantly greater than k4, which once again verify that the
MLMOS can be directly transformed into a large number of stable
substances, namely saturated hydrocarbons, in the SCW environ-
ment. The reaction path of generating saturated hydrocarbons is
still dominant compared with the generation of asphalt in-
termediates. ksr indicates that another source of saturated hydro-
carbons is the pyrolysis of asphalt intermediates. Combined with kj,
ks, ker and k7, it can be concluded that aromatic hydrocarbons and
resin mainly come from the pyrolysis of asphalt intermediates.
Combined with kg, kg, k19 and ki, it can be concluded that gas
mainly comes from the pyrolysis of saturated hydrocarbons, resin
and asphaltene. In addition, it is not difficult to find that ks; and kg,
maintain a large value at different temperatures, which indicates
that during the hydrocarbon generation process, the main sources
of asphaltenes are in addition to kerogen pyrolysis and resin
polymerization, the polymerization of saturated hydrocarbon and
aromatic hydrocarbon is also the main source of asphaltenes.

Through the above analysis can be found that the hydrocarbon
generation process of centimeter sized MLMOS in the SCW envi-
ronment mainly includes the direct conversion of these shales into
asphaltene and saturated hydrocarbons; Asphaltene is further py-
rolyzed to produce saturated hydrocarbons, aromatics and resins.
Asphaltene is formed by polymerization of saturated hydrocarbon,
aromatic hydrocarbon and resin. And the interaction of saturated
hydrocarbons, resins and asphaltenes to produce gases.

On the whole, compared with previous research results on hy-
drocarbon generation kinetics of millimeter sized MLMOS in SCW
atmosphere (Xie et al., 2023a, 2023b), the hydrocarbon generation
reaction path of centimeter sized MLMOS in SCW is basically
similar to that of millimeter sized MLMOS in SCW. The hydrocarbon
generation pathways of millimeter medium and low maturity
organic-rich shale in supercritical water mainly consisted of direct
generation of asphaltenes and saturated hydrocarbons from
kerogen, pyrolysis of asphaltenes to saturated hydrocarbons, aro-
matic hydrocarbons, and resins, polymerization of resins to
asphaltenes, and gas generation from saturated hydrocarbons,
resins, and asphaltenes (Xie et al., 2023a, 2023b). However, the
difference between the hydrocarbon generation path of millimeter
sized MLMOS and centimeter sized MLMOS is that the asphaltene
formation path is different. The reaction path of asphaltene for-
mation in millimeter sized MLMOS in the presence of supercritical
water is mainly the pyrolysis of kerogen and the polymerization of
resin. The reaction path of asphaltene formation in centimeter sized
MLMOS in the presence of supercritical water is mainly pyrolysis of
MLMOS, polymerization of saturated hydrocarbon, aromatic hy-
drocarbon and resin.

The reasons for this difference may be as follows: It has been
proved that in the pyrolysis process of oil shale, the reaction of
pyrolysis of macromolecular organic matter into small molecular
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matter coexists with the reaction of polymerization of small mo-
lecular matter into large molecular matter (Liang et al., 2021). Shale
is a dense rock with extremely low internal permeability. When
macromolecular organic matter is in-situ pyrolyzed, it needs to be
released into the outer space of shale through pore channels to
enter the supercritical water environment. The increase in shale
size leads to an increase in release distance and release time. In
other words, before the small molecule organic matter generated
by in-situ pyrolysis is released into the outer space of shale, it has to
go through a reaction environment where no water exists, which
promotes the advantage of polymerization reaction, which has also
been confirmed by previous studies (Xie et al., 2022, 20233, 2023b).
When the organic matter enters the supercritical water atmo-
sphere, the polymerization reaction is effectively inhibited. There-
fore, for millimeter sized shale, saturated hydrocarbon and
aromatic hydrocarbon are quickly released into supercritical water
environment after in-situ formation in shale pores, and further
pyrolysis into smaller molecules of gas. In this case, the pyrolysis
reaction of saturated hydrocarbon and aromatic hydrocarbon oc-
cupies a significant dominant position. For centimeter sized shale,
saturated hydrocarbon and aromatic hydrocarbon stay longer in
the pore channel after in-situ formation, and the polymerization
reaction could not be ignored, which leads to the main source path
of asphaltene.

3.3. Model accuracy evaluation

3.3.1. Classical segmented pyrolysis reaction kinetic model

For the classical hydrocarbon generation kinetics model of
centimeter-level MLMOS in SCW environment, the error or accu-
racy of the model can be analyzed by making the following graph.
the data on the horizontal axis represent values obtained in real
experiments, and the data on the vertical axis represent the
calculated value according to specific working conditions, as shown
in Fig. 10. It can be observed from Fig. 10 that the values obtained by
the experiment are very close to those obtained by the fitting
calculation, and the determination coefficients obtained by fitting
experimental data at 380, 400 and 430 °C are 0.93, 0.92 and 0.92,
respectively, indicating that the traditional staged pyrolysis kinetic
model still has high accuracy under the condition of SCW.

Similarly, in order to further confirm the accuracy of the tradi-
tional reaction kinetics model in the SCW environment, the pre-
diction of this model can be compared with the experimental data.
This is the most direct means of verification. A set of predicted data
can be obtained by comparing the data predicted by the model for
the change of the mass score over time under different conditions.
Taking the working condition of 390 °C as an example, these pre-
dicted data are compared with the actual experimental data. As
shown in Figs. 11 and 12, the prediction curve is in good agreement
with the experimental data. However, the error analysis reveals
that the prediction error of the traditional kinetic model is large at
the initial stage of the reaction, but the error decreases gradually
with the increase of the reaction time. This error may be related to
the complex material composition and structure of organic-rich
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Fig. 8. (a) Fitting curves of the new refined pyrolysis kinetics model at 380 °C
(R? = 0.90); (b) Fitting curves of the new refined pyrolysis kinetics model at 400 °C
(R? = 0.91); (c) Fitting curves of the new refined pyrolysis kinetics model at 430 °C
(R?> = 091).

shale. When the reaction time reaches 12 h, the relative errors
between the experimental and predicted values of oil and gas phase
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products are less than 25%, which indicates that the traditional
segmental pyrolysis kinetic model can accurately predict the dis-
tribution of hydrocarbon products under long-term reaction
conditions.

3.3.2. Refined reaction kinetics model

Similar to the hydrocarbon generation kinetics model used to
evaluate MLMOS of millimeters in SCW, the fine hydrocarbon
generation kinetics model of MLMOS of centimeters in SCW has the
horizontal axis representing experimental data and the vertical axis
representing calculated values, as shown in Fig. 13. Ideally, when all
the points are clustered around the line Y = X, it indicates that the
model has good prediction accuracy. However, due to the
complexity of actual influencing factors, it is difficult to develop a
completely accurate hydrocarbon dynamics model.

It can be seen from Fig. 13 that all points are closely distributed
around Y = X line. Through the fitting process, we calculate the
determination coefficients at 380, 400 and 430 °C, which are 0.90,
0.91 and 0.91 respectively. These results confirm the accuracy of the
refined reaction kinetics model established in this paper for
MLMOS under SCW conditions.

Similarly, in order to verify the accuracy of the fine reaction
kinetics model constructed in this paper from more perspectives,
we first calculated the data of working conditions other than the
working conditions used in this paper, and then carried out ex-
periments under the conditions of the working conditions, and
compared the experimental data with the fitting data. We obtain a
set of fitting calculation data for the change of MF with reaction
time at a temperature of 390 °C. The results are shown in Figs. 14
and 15. The results show that the predicted curves are in good
agreement with the experimental data, although the relative errors
show large deviations in the MF of saturated hydrocarbons, aro-
matics, resins and asphaltenes. This indicates that the accuracy of
the model in predicting the distribution of oil components in shale
under the action of SCW needs to be further optimized. However, if
the distribution of oil and gas phase products is analyzed from a
macroscopic perspective, it can be found that the relative error
between the experimental value and the model prediction value is
usually less than 14%. This shows that the model can accurately
predict the distribution of oil and gas products produced by shale
with low maturity and rich organic matter under SCW conditions.
Compared with the prediction error of millimeter sized shale, the
distribution model of oil and gas phase products of centimeter
shale shows a slightly higher prediction error. This difference
highlights the more complex effects of increasing shale size on
hydrocarbon generation processes and the need for more in-depth
studies to improve the prediction accuracy of models.

4. Conclusion

In this paper, the effects of temperature and reaction time on
hydrocarbon generation in the process of co-heating of SCW and
MLMOS were investigated by using a set of self-developed heating
reaction device. According to the data obtained from the above
experiments, the classical segmented pyrolysis reaction kinetics
model and the new refined reaction kinetics model were estab-
lished and solved by fitting. The conclusions are as follows.

(1) Under the condition of SCW in-situ conversion, the classical
segmented pyrolysis kinetics model had low prediction ac-
curacy for hydrocarbon product distribution at the initial
stage of the reaction. The prediction accuracy increased
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Table 3
The solution results of the kinetics parameters of the refined reaction kinetics model are obtained.
k, min~! Temperature, °C A Ea R?
380 400 430
kq 470 x 10° 1.00 x 1074 1.81 x 1074 1.01 x 10? 6.59 x 10° 9.74 x 107!
ky 1.00 x 10716 1.00 x 10716 1.00 x 10716 - - -
ks 318 x 10°1° 739 x 10715 2,03 x 10714 1.69 x 10° 1.41 x 10? 9.98 x 107!
ka 1.64 x 1077 739 x 1077 1.75 x 10~ 2.65 x 107 1.77 x 10? 9.39 x 107!
kst 9.64 x 107° 1.35 x 1073 711 x 1073 6.65 x 10%! 3.21 x 10? 9.50 x 107!
ksr 8.52 x 107° 4.85 x 1077 358 x 1076 1.15 x 10% 4.48 x 10? 9.20 x 107!
ks 1.35 x 1077 3.36 x 107 429 x 107 7.70 x 1077 433 x 10? 9.74 x 107!
ker 523 x 1078 4.85 x 1077 1.30 x 1076 7.63 x 10! 2.38 x 10? 9.04 x 107!
k7t 296 x 107 4.56 x 107° 467 x 1074 1.16 x 10% 3.81 x 10? 9.80 x 107!
k7r 6.81 x 107 6.08 x 1073 211 x 1072 2.66 x 10" 2.56 x 10? 938 x 107!
ks 1.93 x 107 1.35 x 107° 8.77 x 107° 6.48 x 10%° 453 x 10? 9.04 x 107!
ko 2.01 x 10716 272 x 1071 1.18 x 10714 5.26 x 108 3.03 x 10? 937 x 107!
k1o 117 x 1073 6.63 x 1073 220 x 1072 5.40 x 10 2.20 x 10? 9.61 x 107!
k1s 1.28 x 1072 2.87 x 1072 6.99 x 102 2.68 x 108 1.29 x 10? 9.96 x 107!
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Fig. 12. Prediction accuracy analysis of product distribution at 390 °C.
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(3) The reaction paths of centimeter sized MLMOS in SCW
mainly include: MLMOS directly generated asphaltene and
saturated hydrocarbon. Asphaltene pyrolysis generated
saturated hydrocarbon, aromatic hydrocarbon and resin.
Saturated hydrocarbon, aromatic hydrocarbon and resin
polymerization generated asphaltene, and saturated hydro-
carbon, resin and asphaltene generated gas.
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