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Abstract. This study employs the computational particle fluid dynamic model
to simulate a 65 t/h oil shale-fired high-low differential velocity circulating
fluidized bed (CFB) boiler. The effects of the excess air ratio on furnace
temperature, gas composition, particle residence time, and pollutant emissions
were analyzed. Results show that an excess air ratio of 1.10 intensifies particle
back-mixing, enhancing combustion while reducing NO and SO, emissions.
The optimal condition combines this ratio with a 1.5:1 main/side bed air
distribution, achieving the lowest emissions. This work provides valuable
insights for optimizing CFB boiler operation.

Keywords: oil shale, high-low differential velocity CFB, gas-solid flow,
combustion characteristics, gas pollutants, computational particle fluid
dynamics.

1. Introduction

The high-low differential velocity circulating fluidized bed (CFB) has a
unique internal circulation flow and remarkable advantages. Studies show
that using a differential air supply in different beds accelerates the disturbance
and mixing of materials in the bed. It also has superior advantages, including
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wide fuel adaptability, low pollution, and low wear, especially when burning
inferior fuels and biomass.

Traditional computational particle fluid dynamics (CPFD) studies have
focused on conventional CFB with uniform structures. The innovative high-
low differential velocity CFB, featuring differentiated main bed and side beds,
enables unique internal circulation and stratified combustion. This represents
a shift from homogeneous fluidization to directional flow control, offering
new solutions for efficient combustion of low-grade fuels. Compared with
conventional CFB, high-low differential velocity CFB has a higher internal
mixing efficiency and a more complex internal process. In actual working
conditions, large solid particles cannot pass the high-speed bed and enter
the low-speed bed. This phenomenon originates from the height difference
between the main bed and the side bed, so small fuel particles enter the low-
speed bed and combust, thereby reducing the erosion of the flag-shaped heated
surface of the buried pipe [1]. Fuel first enters the main bed through side inlets,
where its combustion generates a large amount of flue gas and heat. This heat
raises the bed temperature and carries most of the small particles into the
adjacent low-speed bed. The particles may pass to the working substance in
the buried pipe, and finally return to the main bed for heat exchange, while the
remaining part of the particles is taken away by the flue gas [2]. This internal
circulation process prolongs the residence time of the material in the bed,
thereby reducing heat loss and improving combustion and boiler efficiency.

The Barracuda engineering software package is a commercial package,
which is developed based on the CPFD method [3]. Compared with the
conventional computation fluid dynamics calculation software, this package is
mainly focused on the particle phase and can restore the movement of particles
in real time. Moreover, CPFD is developed based on the multiphase particle-
in-cell (MP-PIC) method [4—6], and Eulerian and Lagrangian methods are
used to solve governing equations in fluid and particle phases, respectively.

Abbasi et al. [7] used the CPFD method to study the effects of various
operating parameters on the fluid dynamics of the gasifier feed section.
The results show that the CPFD method can better predict the particle flow
behavior of the gasifier feed section and the gas composition in the furnace.
Loha et al. [8] conducted a three-dimensional numerical simulation of a
bubbling fluidized bed biomass gasifier using the CPFD method. By adjusting
the gasification temperature, equivalence ratio, and the ratio of steam to
biomass, the pressure distribution and gas composition were obtained.
The results are in good agreement with the experimental data. Ma et al. [9]
numerically simulated the influence of different operating conditions on gas
hydrodynamics in a high-density CFB using the CPFD method, and found that
the number of vents on the riser does not have considerable effect on the solid
flux, but does affect the hydrodynamic stability in the riser. Tu et al. [10] used
the CPFD method to simulate a complex CFB with six cyclone separators
using the Barracuda software to study the gas-solid flow characteristics in
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a large-scale system. The results show that the dense region is clear in the
bubble state of multiple explosions. Chen et al. [11] used the CPFD method to
simulate the risers of the CFB, thus capturing the axial and radial non-uniform
flow structure in the risers, revealing the characteristics of the core-annulus
flow in the CFB. The calculation results also show that CPFD is more accurate
than the two-fluid model with the same drag model, which shows a stronger
predictive ability. Liu et al. [12, 13], based on the Barracuda platform, used
the CPFD method to simulate the cold and hot states of the CFB test bench,
and obtained the gas-solid velocity distribution and temperature distribution.
By changing the primary air rate and the mixing ratio of semi-coke and straw,
the internal flow and combustion characteristics of the riser were studied, and
the ideal operating conditions were obtained.

Wang et al. [14] used the CPFD method to simulate the gas-solid flow in a
CFB and analyzed the influence of key model parameters on CPFD simulation
in detail. For example, the effects of particle close-packing volume fraction,
mesh number, and particle size distribution on the flow in the whole CFB loop
were found.

Shietal. [15, 16] studied the influence of different particle size distributions
(PSD) on particle back-mixing behavior during gas-solid flow using the CPFD
method, and found that PSD has a significant effect on particle flow behavior
in the lower region of the riser tubes, while the PSD effect in the upper region is
negligible. Yan et al. [17] proposed a new method to calculate the distribution
of coal feed based on the pressure drop and heat balance of a cyclone separator.
A 600 MW supercritical CFB boiler was numerically simulated using
Barracuda software combined with experimental data. The results show that
the method can better predict the combustion characteristics as a boundary
condition. It is concluded that the deviation of solid concentration below
the furnace caused by the secondary air jet may be the cause of the uneven
distribution of primary air velocity in the furnace. Shen et al. [18] analyzed the
gas-solid flow and the change of residual coke in a 350 MW CFB boiler under
variable working conditions. The study found that, in the load-rising stage, the
average value of residual coke in the furnace was significantly higher than that
in the boiler start-up stage. In the load-drop stage, the average value of coke
was lower than that in the load-rising stage. The combustion rate of residual
coke does not match the coal feeding rate under variable load conditions.

The performed literature survey on CFB indicates that most CPFD
simulations are focused on conventional CFB, and research on high-low
differential velocity CFB boilers is scarce. Moreover, most research on CFB
boilers is conducted using Ansys Fluent software. To this end, the CPFD
method is applied to simulate the three-dimensional steady-state combustion
of a high-low differential velocity CFB boiler. This study fills the gap in
research on the combustion characteristics of oil shale fuel in both high- and
low-temperature CFB boilers based on the CPFD model.

Unlike conventional CPFD-CFB models for homogeneous structures,
this study develops a specialized model for a high-low differential velocity
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CFB that reveals their unique particle back-mixing and internal circulation
patterns. By coupling asymmetric flow fields with combustion reactions, the
model demonstrates how this back-mixing enhances combustion efficiency
while reducing pollutants, offering a new methodology and theoretical basis
for optimizing such specialized CFB systems. The main contributions of this
paper can be summarized as follows:

(1) Fuel combustion in the boiler under different excess air coefficients
is analyzed, and the results are compared with those under actual working
conditions. The distributions of temperature and gas composition, variations
in chemical reactions, and the distribution of particle residence time are
obtained, and the excess air coefficient is optimized. This article can provide
a reference for studying fluidized bed boilers.

(2) Gas emissions of the boiler under different excess air coefficients are
analyzed numerically. Furthermore, the influence of different air volume ratios
of'the main bed and side beds on the emission of NOx and other pollutant gases
is explored. The obtained results are then analyzed under different working
conditions to determine the optimal operating conditions.

2. Numerical simulation

2.1. Governing equations

Ignoring interphase mass transfer, the continuity equation for the gas phase
can be expressed as follows:

00, p
#+V(9gpgug)=0, (1)

where Py Uy and Gg are the density, velocity, and volume fraction of the gas
phase, respectively.
The momentum conservation equation for the gas phase is as follows:

00,u
s v(Ouu)=—tvP- L Fro g+ Lve @
at g8 4
4 4 4

where P and F are the pressure and macroscopic stress tensor of the gas phase,
respectively, and 7 is the unit volume momentum exchange rate between the
gas phase and the particle phase.

The stress tensor / can be calculated using the following expression:

F=([[,p,| Dlu, —up)—pivp v dpdu, . 3)

p
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The momentum equation of the particle phase is as follows:

du
’ =D(ug—up)—iv1>+g—%vfp, @)
0

dt

where U, p, and 7, denote the velocity, density, and normal stress of the
particle phase, respectively.

Equations (1-4) show the generated acceleration originating from the
combined action of aerodynamic drag, pressure gradient, gravity, and normal
stress gradient between particles. In each grid, the volume fraction of particles
is as follows:

P rrg

6, = m 1V, dp,du,. (5)

In the present study, the interparticle collision is calculated using the
normal stress model:

POy
T= )
max[(gcp - 017 )’ 8(1 - gp )]

where P_is the material parameter, 2<$<5 is the model parameter [19], ch is
the volume fraction of particle dense packing and ¢ is a quantity constructed
to eliminate singular points in the model [20].

(6)

2.2. Calculation of particle properties
In the Barracuda software, it is assumed that particles are spherical, and the
particle radius is calculated using the following expression:

AL )

rarticlc = ( article
p 47C p

Due to the combustion of pulverized coal pyrolysis and volatile fraction,
the particle density may change. Consequently, the following method is used
in the calculations:

mpalticle = vaolaﬁle,i + vaolaﬁle,i’ ()
i i
Vparticle = szolid,i + Zvvolatile,i > ©)
i i
where m cand v “are the mass and volume of the i-th volatile fraction,

volatile,i volatile,i

respectively. Moreover, m_ . and v_ . - are the mass and volume of the i-th
particle, respectively.
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The particle density is defined as follows:
m

_ particle
p particle — 1% > (10)
particle
m ...,.
solid,i
vsolid, i : (1 1)
solid,i

It should be indicated that, during the volatilization process, the fuel
releases a large amount of gas after heating. Based on the Arrhenius equation,
the reaction rate can be expressed as follows:

k=coT“' P pPexp(-E /T +E,), (12)

where T is the temperature, P denotes the pressure, p s the fluid density, and
E is the activation energy.
Meanwhile, the volatile fraction release rate can be calculated as follows:
dm, g,
z{; <= _kmvolatiles . (13)

2.3. Drag model
The trapping forces of the fluid and particle phases are defined as follows:

p =, 3P el
8 p, .

s

, (14)

where u, and u_ are the velocity vectors of the fluid and particle phases,
respectively, and D_is the traction function.

In the Barracuda software, drag models include the WenYu model, the
Ergun model, the WenYu—Ergun model, and the EMMS model. The EMMS
model employs a non-uniform drag model, simplifying the actual complex
particle clusters into sparse, regular spherical particle clusters. It is more
suitable for Geldart Class A particles, achieving higher simulation accuracy
for this particle type. However, the particle size distribution in CFB boilers
more closely resembles that of Geldart Class B particles, making it difficult to
form agglomerates similar to those of Geldart Class A particles. This may lead
to reduced model accuracy, rendering the EMMS model unsuitable for CFB
boiler simulations.

The WenYu—Ergun model combines the strengths of both the WenYu and
Ergun models, offering excellent simulation accuracy for particles of varying
sizes. It effectively simulates the distribution between the dense-phase and
dilute-phase zones in CFB boilers. Therefore, the WenYu—Ergun gas—solid
drag model is used for the calculations. This drag model can accurately predict
the flow characteristics within the CFB 14.

The WenYu—Ergun drag model is expressed as follows:

0,>0.850,, D=D’, (15)
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0,<0.756,, D=D,, (16)

0,-0.856,,
0.856,, —0.756,,

where D[], and Dﬁ are the coefficients of the WenYu and Ergun models,
respectively.

0.856,>6,>0.750, D= (D;-D})+D,. (17)

2.4. Simulation of chemical reaction

Take the following chemical reaction as an example:

C(s) + H,0 — CO + H,, (18)
3
R=219—"" 7 exp(- 204K, 1H,07. (19)
kgeKes

where T is the temperature, p_ is the density of carbon particles, and [H,O]

denotes the volume concentration of H,O.
The concentration changes of reactants and products in these reactions can

be calculated by solving the following differential equations:

m> 22645K
ko=219———T - )poc> (20)
0 kg oK os exp( e ) pe
3
dlce)] _ _219m—TeXp(_2264;5K)pc[H o]. @D
dt kg . K DR T 2
dlH,0] _d[C(s)] dicoy _ _ d[C(S)], 22)
dt dt dt dt
d[HZ] - _ d[C(S)] . (23)
dt dt
The chemical reaction rate is as follows:
r = ky[H,0] (24)
The chemical reaction rate constant is the following:
m? 22645K
ko =219 ——T R — I, 2 (25)
0 kg oK o exp( 7 )P

The equivalent chemical equation is as follows:

C(s)+H,0—->CO+H,. (26)
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2.5. Calculation of wall radiation heat transfer

In the Barracuda software, only the radiative heat transfer between the wall
and the particles near the wall is considered in calculations, while the radiative
heat transfer between particles and the radiative heat transfer between the fluid
and the wall are ignored. This can be expressed as follows:

4 4
qu = Awapgpr-(Tw _Tp ) 5 (27)

where 4 is the wall area, T, is the wall temperature, T’ denotes the average
particle temperature within a calculation cell, F__ is the calculated view factor,
o is the Boltzmann constant, and € is the effective emissivity between wall
and particle.

The expression for ¢ is as follows:

bup =t (28)
P w

where ¢ is the wall emissivity and €, denotes the volume-weighted average
particle emissivity.

2.6. Calculation of convective heat transfer

The convective heat transfer coefficient between the wall and the fluid, the heat
transfer coefficient in the dense-phase region, and the heat transfer coefficient
between the fluid and the particles are calculated using the following equations.

The convective heat transfer coefficient between the fluid and the wall is

as follows:
h:(l_fd>hl+fdhd’ (29)

where i and h, are the heat transfer coefficients of the dilute phase and the
particle phase, respectively, f, is the time-averaged proportion of the wall
surface covered by the particle phase, &, is the thermal conductivity of the
fluid, L is the length of a single grid, and ufis the fluid viscosity.

The above-mentioned parameters can be determined using dimensionless

numbers [21]:

’;;_L — Nu, =0.546Re,+3.66 . (30)
S
u,L
Re, = Lele™ 31)
Hy

The convective heat transfer coefficient in the dense phase is given by the
following:
h,d

P L = Nu, =0.525Re}"”, (32)
S
0
102

f,=1-e % . (33)
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The convective heat transfer coefficient between the particles and the gas
is given as follows [22]:

h,d
; L= Nu,=037Re}"+0.1, (34)
u,d
Re, =&ﬂ#. (35)
f

3. Boiler structure, initial conditions, and boundary conditions

In the present study, a 65-t/h
high-low differential velocity
CFB is considered as the
research object. The simulation

model is shown in Figure 1.
The model mainly consists

of a boiler chamber, two feed
ports, 16 secondary air nozzles,
and a water wall. It uses pri-
mary and secondary air flows
to supply high- and low-speed =~ Furnace —
beds, respectively. Further-

more, it consumes Maoming L
oil shale as fuel. The results  Feedports ——

Furnace outlet

Water wall

«— Secondary air

'

of the proximate and ultimate f%(
Low-speed air

analyses of the fuel are shown Low-speed air
in Table 1. High-speed air

Fig. 1. Schematic diagram of the computational
model.

Table 1. Proximate and ultimate analyses of Maoming oil shale

Proximate analysis, % Low heat Ultimate analysis, %
value, MJ/kg
Maf Var Aar FCBT Qnel,ar Cal‘ Har Oar Nal‘ Sﬂf
18.10 | 16.51 | 62.99 | 2.40 4.1 9.70 1.65 6.12 1.08 0.36

Abbreviations: M, — moisture, as-received basis; V_  — volatile matter, as-received
basis; A — ash content, as-received basis; FC — fixed carbon, as-received basis;
Qmar — net calorific value, as-received basis; C,— carbon, as-received basis;
H, — hydrogen content, as-received basis; O, — oxygen content, as-received basis;
N_ — nitrogen content, as-received basis; S — sulfur content, as-received basis.
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The particle size distribution is shown in Figure 2. The bed material is shale
ash with a height of 400 mm. In the initial phase, the material accumulates at
the bottom of the furnace. The oil shale enters the high-speed bed through both
sides of the furnace, while the airflow enters the furnace from the bottom of the
bed. The bed material begins to fluidize, and the bed material is continuously
discharged from the outlet simultaneously. Finally, the furnace reaches steady-
state conditions. Figure 3 shows the variations of the gas mass fraction at the
furnace outlet. It is observed that fluctuations of the gas mass fraction at the
outlet are small after 25 seconds. Accordingly, the results are averaged over
the time period of 25-45 s. The time-averaged values of the corresponding
physical quantities are used to analyze the results.

100

80

60

40

Mass percentage, %

20

0 " 1 " 1 " 1 " 1 " 1
0 2 4 6 8 10

Particle size, mm

Fig. 2. Particle size distribution of Maoming oil shale.

0.25

0,
0.20F co,
0.15F CO

Steady-state reference time period

0.05

0.00

Mass concentration of gas, kg/m’
<)
S

~0.05 P P R T B
0 5 10 15 20 25 30 35

Model runtime, s

|
40 45

Fig. 3. Outlet gas mass concentration vs time.
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The simulated operating conditions are shown in Table 2. The chemical
reactions and rate equations are presented in Table 3 [23-27].

Table 2. Simulation conditions

Case Excess air coefficient a Feed quantity, kg/h
1 1.10 39265
2 1.15 39265
3 1.20 39265

Table 3. Chemical reaction equations and reaction rates

Reaction equations

Reaction rate, mol'm=>-s"

Heterogeneous reaction
C(s)+H,0—CO+H,
C+CO,—2C0
2C(s) + 0, — 2CO

CO+H,— C(s) + H0
2C0 — CO, + C(s)

Homogeneous gas phase reaction
CO +0.50, — CO,

CO+H,0 — CO, +H,
CH, + 0, — CO, + 2H,

Reaction of nitrides with sulfides
HS +1.50,— SO,+H,0

NH,+ 1.250,— NO + 1.5H,0

NO +CO — 0.5N, + CO,

HCN +0.750,— CNO + 0.5H,0

r, = 1.272m Texp(-22645/T)[H,0]
r, = 1.272Texp(—22645/T)[CO]
r, = 147 x 100 Texp(~13590/T)[O]

r, = 1.04 x 10*m T2exp(—6319/T—17.29)[CO][H,]
r,=1.04 x 10“m T?exp(~2363/T-20.92)[CO]

r, = 5.62 x 10%xp(~16000/T)[CO][O,]

r.=7.68 x 10%exp(~36640/T)[H,0][CO]
r,=3.552 x 10"'T 'exp(~15700/T)[CH,][O,]

r, =5.2 % 10%xp(~2321/T)[H,S][0,]

r, = 3.1 x 10%xp(~25000/T)[NH,][O,]

 _ ., KuINOY(K,,[COT+ K, )

P K INOT+ K, [COT+ K,

K, = 1.952 x 107exp(~25000/T)
K, =1826K, =7.86K, =0.002531

7, = 2.14 x 10%xp(-10000/T)[HCN][O, ]

Continued on the next page
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Table 3. Continued

Reaction equations

Reaction rate, mol'm=-s

—Ku pewio,)
K., +K,[NOJ

rs=K

CNO +0.50,—NO +CO K,=2.14 x 10%xp(~10000/T)
K /K, =1.02 x 10"exp(-25499/T)
K. [NO
F6:K6[HCN][02]—6a[ ]
CNO +NO — N,0+CO Ko, + K, [NO]
K, /K, =102 x 10"%exp(~25499/T)
N,0 +CO — N, +CO, r. = 1.24 x 10%xp(~5913/T)[N,0][CO]

N,0+0.50, — N,+0,

r,= 1.5 x 10"1exp(~20159/T)[N,0][O,]

NH, +0.750, — 0.5N, + 1.5H,0

r, =4.96 x 10%xp(~10000/T)[NH3][O,]

2NH, +3NO — 2.5N, + 3H,0

r,, = 1.1 x 101%exp(~27676/T)[NH3]°5[0,]*[NO]°3

N,0+C —N,+CO

r,, =2.9 x 10°%xp(~1711/T)[N,O]

NO + C — 0.5N, + CO

r.,=5.85 x 107exp(~12000/T)[NO]

NO +0.5C — 0.5N, + 0.5C,2

r,= 1.3 x 10%xp(~1712/T)[NO]

The performance of the developed model can be evaluated by
comparing the numerical results of Case 2 with the field test data.
A grid-independent test is conducted based on three mesh sizes, and the
comparison between the calculated 7, T, and T, (T, denotes left low-speed
bed, T, denotes right low-speed bed, T, denotes high-speed bed) and the
measured values are shown in Table 4.

Table 4. Comparison of simulated and experimental temperatures for different grids

Grid Mesh | Simulated Test Simulated Test Simulated Test Average
category | number value value value value value value error
T, T, T, T, T, T,
Coarse 67452 687 °C 760 °C 689 °C 747 °C 679 °C 761 °C 9.3%
Medium | 85932 707 °C 760 °C 711 °C 747 °C 695 °C 761 °C 8.2%
Fine 95172 716 °C 760 °C 718 °C 747 °C 698 °C 761 °C 5.9%
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On-site test data exhibit a certain degree of measurement uncertainty.
The uncertainty in thermocouple temperature measurements primarily stems
from the thermocouple’s inherent accuracy (+2.5 °C), radiation errors, and
temperature fluctuations within the furnace. The combined uncertainty is
estimated to be approximately £15 °C. However, the overall error remains
within the specifications outlined in the test procedures.

Table 4 presents the comparison between simulated temperatures and
measured values under three mesh configurations. As the number of mesh
cells increased from 67452 to 95172, the simulated main bed temperature
(T,) rose from 687 °C to 716 °C, while the deviation from the measured value
(760 °C) decreased from 9.6% to 5.8%. This indicates that the simulation
results exhibit sensitivity to grid resolution, particularly when capturing
complex gas—solid flow in the dense-phase zone at the bottom. The ultimately
selected medium grid scheme (85932) significantly conserves computational
resources while maintaining accuracy, with an average error of 8.2%, within
an engineering-acceptable range.

4. Results and discussion

4.1. Combustion characteristics
4.1.1. Temperature distribution

Figures 4 and 5 show the time-averaged temperature distribution of gas
and particles with an excess air coefficient of 1.15. It is observed that the
fluid temperature near the feed ports in the dense-phase zone of the furnace
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Fig. 4. Time-averaged temperature distri- Fig. 5. Time-averaged temperature distribut-
bution of the combustion gas (showing ion of particles (illustrating lower tempera-
higher temperatures near the feed ports in tures than the surrounding gas near the feed

the dense-phase zone). ports).
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is higher than the particle temperature, with the maximum temperature
difference reaching 100 °C. In the dilute-phase region, the fluid temperature
and particle temperature are relatively uniform, with a temperature difference
of approximately 20 °C. This is because the oil shale contains fewer volatile
components, so combustion occurs in the gas phase. Due to the lower
specific heat capacity of gas, its temperature increases faster. In this regard,
Table 4 indicates that the calculated furnace temperature is lower than the
actual operating temperature. Meanwhile, the measured temperature from
thermocouples has some uncertainties. The calculation error is within
the allowable range, so the model is verified to predict temperatures with
reasonable accuracy.

4.1.2. Chemical reaction rate

In order to simplify the calculations, a simplified model is used to simulate
the chemical reactions. Figure 6(a)—(i) shows the reaction rates of different
simplified models in the fluidized bed furnace with an excess air coefficient
of 1.15. It is found that all heterogeneous reaction rates in the reactor at a
height of 4 m, at the bottom of the bed, and at the oil shale inlet approach 0.
The C-O, combustion provides heat for gasification, so the rates of the
gasification reactions C-H,0 and C-CO, are relatively large. For the
homogeneous reaction rate, the combustion reactions of CO and CH, are the
most stable in the whole furnace, and these reactions mainly occur at heights
near the feed ports.
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4.1.3. Particle residence time

In order to obtain the degree of particle back-mixing, the residence time
distribution (RTD) density function E(t) of particles in the furnace under
different excess air ratios is shown in Figure 7. It is observed that the
distribution has a spike and also exhibits a certain trailing phenomenon,
which indicates that the particles are close to plug flow. However, due to the
exchange between particles, the average residence time is larger than that of
plug flow. Considering the strong downward flow of particles at the bed wall,
the residence time distribution has a late peak and pronounced trailing [16].
When a is small (1.10), the primary air volume is relatively low, resulting
in a lower gas velocity in the dense-phase zone at the bed bottom. This makes
it more difficult to lift large particles, facilitating the formation of intense
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vortices and recirculation at the bottom, which leads to more severe back-
mixing. When « is large (1.20), the primary air volume increases, raising the
overall gas velocity. The enhanced penetration of the gas flow allows more
particles to be directly entrained upward, reducing the opportunity for particles
to linger and circulate at the bottom. Consequently, the degree of back-mixing

is mitigated.

Figure 8 illustrates the spatial distribution
of particle residence time. It is challenging to
compare the spatial distribution of particle
residence times based solely on figures. For
example, particles in the dense-phase zone
of the bed have a higher residence time,
while particles in the dilute-phase zone
have a lower residence time. This is mainly
because the large particles in the dense-
phase zone require more time to transition
to the dilute-phase zone. Particles with
smaller sizes in the dilute-phase zone leave
the furnace quickly, and the residence time
of particles just entering the fuel inlet is
relatively short.

Figure 9 show the cumulative distribution
function F(t) curves of particle residence time
under different excess air ratios. It is worth
noting that the ideal plug-flow F(t) curve is a

Particle residence time

Fig. 8. Spatial distribution
of particle residence time
(a=1.15).

vertical line, and the smaller the slope of the F(t) curve, the higher the degree
of back-mixing [28]. The results indicate that when a = 1.10, the back-mixing
behavior is more intense and more favorable for combustion. Therefore, it is
recommended to use 10% excess air in engineering processes.
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Fig. 9. Cumulative distribution of particle residence time.
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4.1.4. Gas distribution

Figure 10 shows the concentration distribution of O, and CO, in the furnace at
different excess air ratios after the model has run for 45 s. Inside the furnace,
a small portion of CO, gas originates from the primary and secondary air, while
the main part is produced by combustion. In the dense zone at the bottom of the
furnace, a large number of oil shale particles burn, which results in areas with
low O, concentrations and relatively high CO, concentrations. Although the
injection of secondary air in the dilute-phase zone increases the O, concentration
along the furnace height, its weak diffusion results in poor mixing efficiency,
consequently forming a low-temperature zone near the air inlet.
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Table 5 shows the mass fraction of the gas composition at the outlet.
The test values were obtained using a flue gas analyzer at the center of
the boiler outlet pipe under stable operating conditions at the boiler’s rated load
(65 t/h) and an excess air coefficient of 1.15. During the measurement
period, the feed rate was maintained at 39265 kg/h. It is observed that
the concentrations of O, and CO, at the outlet are lower than the experimental
values. Figure 3 indicates that there is an intermediate product, CO, in the flue
gas at the outlet, demonstrating that the oil shale in the furnace is not fully
burned, so the CO, concentration is 27% lower than the measured value.

The decrease in the O, concentration at the outlet is affected by the
secondary airflow. Figure 10 confirms that the oxygen content in the center
of the furnace is relatively low. This is due to the insufficient diffusion of
the secondary airflow, which makes the oxygen inside the furnace anoxic.
This phenomenon not only leads to insufficient combustion in the furnace and
decreases the CO, concentration, but also reduces the O, concentration at the
outlet and leads to a deviation between the calculated concentrations and the
measured values. It is worth noting that the deviation between the two gases
is less than 25%. It is concluded that the calculated results are in good
agreement with the experiment, and the developed model can be used to

simulate the combustion in CFB boilers.

Table 5. Mass fraction of main gas components at the outlet, %

Gas Numerical calculation result Test value Deviation
0, 2.9 3.7 21
CO, 7.8 10.8 27

4.2. Simulation of pollutant gases

4.2.1. Effects of different excess air ratios on the emission of pollutant gases

Figure 11 'shows the Co, I periments
molar fraction of the I Simulations

pollutant gases (CO,,
CO, NO, and SO,) at the
outlet of the high-low
differential velocity CFB
with an excess air ratio
of 1.15. It is observed that
the deviation between
the calculated values and
the experimental results 0.00 " ) 3 4
is within a reasonable

range, which reflects the
accuracy of the model. Fig. 11. Molar fraction of gases at the outlet (@ = 1.15).
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Figures 12 and 13 show the time-averaged distribution of NO and N,O
concentrations along the furnace height, respectively. In the bottom region,
the formation of NO gas mainly originates from coke combustion. Near the
feed opening, coke combustion and volatile fraction release rapidly increase
the concentration of NO until a peak is reached above the feed opening, where
the generation and reduction reactions reach equilibrium. NO then reacts with
CO or coke, and N, is produced. Therefore, the NO concentration decreases
along the height of the furnace. More specifically, NO concentration decreases
to 52 ppm at the outlet.
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N,O is mainly derived from the reaction between NO and CNO, and
its concentration increases with increasing NO concentration. At a certain
position above the feed opening, N,O production is balanced by the reduction
reaction. At this point, the N O concentration reaches its maximum and then
decreases along the furnace height.

As the excess air ratio increases, NO concentration also increases gradually,
which is mainly due to the reaction between HCN and NH,. Consequently,
the simultaneous decrease in char and CO weakens the reduction of NO,
leading to higher NO concentrations [29].

Figure 14 illustrates the time-averaged distribution contour of the com-
bustion gas. In the vicinity of the feed port, the NO concentration reaches its
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maximum, indicating the oxidation of nitrogen. During the pyrolysis process,
NH, is released into the furnace, and HCN is quickly converted to CNO, most
of which is produced near the feed port. Moreover, N,O is mainly produced
from the reaction between CNO and NO. Consequently, the N O concentration
is relatively high above the feed port.

As shown in Figures 12 and 14, the NO concentration peaks near the feed
inlet, primarily originating from two competing pathways: rapid oxidation
of fuel nitrogen (mainly present as HCN and NH, in volatile matter) in the
high-temperature zone, and oxidation of carbon nitrogen. However, the uni-
que flow structure of the high-low differential velocity CFB plays a crucial
role. Intense particle recirculation creates localized zones rich in coke and
CO within the furnace, establishing ideal conditions for both heterogeneous
reduction (e.g., NO +C — 0.5N, + CO) and homogeneous reduction (e.g.,
NO + CO — 0.5N, + CO,) of NO. Consequently, along the furnace height,
the NO concentration exhibits a decreasing trend after reaching its peak.

4.2.2. Effect of different air distribution volumes in the main bed and side beds
on the emission characteristics of pollutant gases

The CFB staged combustion technology can achieve low emissions of nitrogen
and sulfur oxides to a certain extent. In a 65-t/h high-low differential velocity
CFB, the fuel is supplied to the main bed from both sides of the furnace, and
the airflow enters the main bed and side beds, respectively. This segmented
air supply reduces NOx and other gas emissions. Figure 15 shows the NO and
SO, emissions at the furnace outlet under different air volume ratios of the
main bed and side beds with an excess air ratio of 1.10. It is observed that the
lowest pollution can be achieved when the air volume ratio of the main bed
and side beds is 1.5:1. This is the optimal operating condition to minimize
pollution emissions in actual operation.
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Fig. 15. Emissions of NO and SO, at different air distribution volumes in the main
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5. Conclusions

This study reveals that enhanced particle recirculation behavior, achieved
by optimizing operational parameters such as a low excess air coefficient
and a specific main/side bed airflow ratio in high-low differential velocity
circulating fluidized beds, is crucial for achieving efficient fuel combustion
and deep NOx suppression. The CPFD-predicted particle back-mixing
correlates strongly with NO, suppression efficiency. In the present study,
the combustion characteristics in a 65-t/h high-low differential velocity CFB
boiler were numerically simulated. Different excess air ratios and air volume
ratios were considered to obtain the best working conditions. Based on
the obtained results and analyses, the main conclusions can be summarized
as follows:

1. This study demonstrates that the unique structural design of the high-
low differential velocity circulating fluidized bed induces intense particle
remixing. This hydrodynamic characteristic serves as the key intrinsic
mechanism for achieving synergistic enhancement of efficient combustion
and low pollutant emissions. Simulation results indicate that a moderate
excess air coefficient (a = 1.10) maximizes this remixing effect.

2. Pyrolytic HCN and NH, peak near the feed ports and then decrease along
the furnace height. Similarly, N O and NO concentrations also show peak
values near the feeding zone under all tested excess air ratios.

3. Condition comparisons reveal that an excess air ratio of 1.10 promotes
intense particle back-mixing and efficient combustion. Furthermore, at
this optimal excess air ratio, the air volume ratio between the main bed
and side beds significantly influences NO_and SO, emissions, with a ratio
of 1.5:1 yielding the lowest emissions.
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Abstract. 1o enhance heat transfer between shale ash and oil shale particles
in a rotary retorting furnace, this study coupled the discrete element method
(DEM) with a particle heat conduction model to simulate mixing and heat
transfer, examining the effects of particle filling ratio, furnace rotational speed,

and baffle structures. A backpropagation neural network (BP-NN) model was
built from simulation data to map furnace operation time with key parameters,

and a genetic algorithm was used to optimize parameters to minimize operation
time. The research results show that lower filling degrees and higher rotation
speeds significantly strengthen particle mixing and heat exchange, which
accelerate the system’s stabilization, improve temperature field uniformity, and
reduce the temperature standard deviation. The mixing and heat transfer effect
of the straight baffle is between that of the right-angle baffle and the inclined
baffle, but it causes the largest temperature standard deviation. In contrast,

the right-angle baffle demonstrates stronger advantages in heat transfer
uniformity during particle lifting and throwing. The constructed BP-NN
prediction model achieves a relative error accuracy within 0.25%, effectively
solving the long computation time problem of DEM simulation. The optimized
parameter combination provides a theoretical basis for the development of
high-efficiency and energy-saving rotary retorting furnaces.

Keywords: oil shale, rotary retorting furnace, DEM, BP-NN.

1. Introduction

Oil shale is a type of sedimentary rock containing a substance known as
kerogen, which can be converted to liquid hydrocarbons through thermal treat-
ment[1, 2]. Despite its low energy density and high production cost, oil shale, as
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a non-conventional oil source, is rich in reserves and widely distributed 3, 4].
This is of strategic importance, as it can effectively supplement traditional
fossil energy, reduce dependence on imported oil, enhance energy security,
and promote the diversification of the energy structure. At present, Estonia,
Brazil, the United States, and other countries have advanced oil shale
processing technologies and have realized its industrial utilization. China has
also carried out oil shale processing in Fushun, Xinjiang, and Gansu, among
which Fushun has the largest annual production of shale oil [5].

The operational performance of an oil shale rotary retorting furnace
(abbreviated as a rotary furnace here), as an efficient thermal conversion
equipment, directly depends on the synergistic optimization of particle mixing
and heat transfer efficiency [6—8]. Studies have shown that conventional
operating parameters such as rotational speed, particle filling degree, and
baffle shape have a significant effect on the particle flow pattern and heat
transfer characteristics in the furnace [9—11]. Zhang et al. [12] experimentally
investigated the mixing behavior of unequal particle size oil shale and solid
heat carrier particles in a rotary furnace. They found that, when convective
mixing was predominant, the mixing degree was better under the condition
of using a right-angle baffle with a 20% filling degree and an inclination
angle of 3.24° than under other corresponding conditions. Herz et al. [13]
experimentally investigated the influence of rotational speed and filling
degree on the contact heat transfer coefficient in rotary furnaces, revealing
that the heat transfer coefficient increased with higher rotational speeds and
lower filling degrees.

The optimization of reactor structure is equally crucial for enhancing
processing efficiency and enabling the treatment of diverse feedstocks.
Liang et al. [14] demonstrated the feasibility of an indirect-heating rotary
kiln for pyrolyzing small-particle oil shale in an engineering experiment,
highlighting its advantages such as low dust carry-over and stable operation,
which provides a valuable reference for the industrial application of rotary kiln
technology. Furthermore, in the context of global carbon reduction efforts,
the exploration of alternative energy sources and reducing agents has become
a key research direction. In a related metallurgical field, Nabilah et al. [15]
investigated the reduction of saprolite nickel ore using a methane-argon gas
mixture in a laboratory-scale simulated rotary kiln, exploring the feasibility of
this low-carbon fuel as an alternative to traditional carbon-based reductants,
thereby underscoring the potential for efficient and clean operation through
parameter and energy structure optimization.

To delve into the parameter optimization mechanism, researchers have
widely used numerical simulation methods such as the discrete element
method (DEM) [16]. The application of DEM has proven highly effective in
simulating particle systems within rotary equipment. Hu et al. [17] proposed
a robust DEM framework for efficiently simulating heat generation in long-
duration recurrent granular flows, providing a powerful numerical tool for
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complex thermo-mechanical processes. Similarly, Wu et al. [18] combined
experimental methods with computational fluid dynamics and the discrete
element method (CFD-DEM) to study the drying characteristics of soil in
large-scale rotary kilns, validating the applicability of DEM in coupled
multiphysics field analyses. Building on this foundation, studies specific to oil
shale retorting have yielded significant insights. Arntz et al. [19] used DEM to
simulate the mixing and segregation inside the rotary furnace, systematically
analyzing the effects of filling rate, rotational speed, and other factors on the
mixing process. Wang et al. [20] combined DEM with a particle heat transfer
model to study the mixing and heat transfer process of shale ash particles and
oil shale particles. They used the mixing index, particle average temperature,
and temperature standard deviation as evaluation indexes to analyze the influ-
ence of the filling rate, the furnace rotational speed, and the form of the baffle
on the mixing and heat transfer characteristics of particles. Wang et al. [21]
proposed a comprehensive heat transfer model including conduction and
radiation, and used DEM to deeply analyze the effects of rotational speed and
filling rate on the heating time. Xie et al. [22] employed DEM simulations to
investigate rotary furnaces, revealing that the specific heat transfer coefficient
of particle flows increased with rotational speed.

While DEM studies effectively reveal underlying mechanisms, they rely
on complex, computationally intensive physical modeling. This makes real-
time optimization of numerous coupled variables challenging. Additionally,
experimental studies are limited by equipment scale and operating conditions,
making it difficult to fully cover the complex working conditions under the
interaction of multiple parameters.

In recent years, the rapid development of artificial intelligence (AI)
technology has provided new ideas to break through the above bottlenecks.
Neural-network-based prediction models can quickly establish a nonlinear
mapping relationship between operating parameters and mixing and heat
transfer performance by learning from a large amount of numerical simulation
or experimental data. Currently, neural network algorithms are increasingly
widely used in the research of rotary furnaces. By learning a large amount
of simulation data and experimental data, neural networks can establish
a complex relationship model between operating parameters, structural
parameters, and particle mixing and heat transfer effects, and then realize
the effective prediction of the performance of the rotary furnace [23, 24].
Neural networks, when integrated with intelligent algorithms such as
genetic algorithms or particle swarm optimization (PSO), can achieve multi-
objective parameter co-optimization [25, 26]. By establishing optimization
objectives that represent mixing efficiency and heat transfer performance,
these intelligent optimization algorithms can identify optimal solutions from
numerous parameter combinations, thereby enabling the efficient operation of
rotary furnaces.
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2. Heat transfer analysis and modeling

The heat transfer between particles within the rotary furnace primarily occurs
through direct contact conduction and intra-particle conduction, while the
influence of interstitial fluid and radiation is considered negligible in the
oxygen-free retorting environment, consistent with our previous study [27].
Therefore, a simplified particle heat conduction model, focusing on contact
heat transfer, was employed in the DEM simulations.

To balance computational accuracy and efficiency, the following
key assumptions were adopted: (1) particles are spherical with constant
thermophysical properties; (2) the furnace wall is adiabatic; (3) the heat loss
through the wall and the effect of pyrolysis volatiles on interparticle heat
transfer are neglected; (4) periodic boundary conditions were applied at both
ends of the reactor to simulate the axial behavior of an infinitely long rotary
kiln and avoid end effects.

Based on the particle diameters (4 mm for oil shale particles and 3 mm for
shale ash particles), material thermal conductivities (0.6 W-m-K! for oil shale
and 0.9 W-m™-K™' for shale ash), and the typical effective inter-particle con-
tact heat transfer coefficient reported in the literature (50400 W-m2-K™") [28],
the estimated Biot number ranges from approximately 0.03 to 0.44. This
result indicates that the internal conductive resistance of the particles is
relatively small compared to the external contact resistance between particles.
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Fig. 1. Comparison between numerical simulation and experimental results for model
validation.
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Therefore, although the strict criterion for the lumped capacitance method
(Bi << 1) is not fully satisfied at the upper end of this range, the simplified
“one-temperature-per-particle” assumption employed in the present DEM
model represents a reasonable and acceptable approximation for capturing
system-level macroscopic heat transfer dynamics. This conclusion is further
supported by experimental data from the literature [29], as shown in Figure 1.
The simulated temperature evolution of the binary particle system (quartz sand
and glass beads) showed good agreement with the experimental data, with
the maximum relative error controlled within 9%. This confirms the model’s
capability to accurately capture the dynamics of particle contact heat transfer.
Detailed information regarding the validation setup and material properties
can be found in [27].

3. Research objects and simulation matrix

A scaled-down rotary furnace model was constructed for the DEM simulations,
with key structural dimensions illustrated in Figure 2 (inner radius R =30 mm,
outer radius R, = 32 mm, axial length L = 30 mm). The material properties
for oil shale particles, shale ash particles, and the retorting wall, along with
the inter-particle and particle-wall contact parameters (restitution, static, and
rolling friction coefficients), were set according to the values established in
our previous work (see tables 3 and 4 in [27] for details).

It should be noted that this study primarily aims to reveal fundamental
mechanisms. Future work will focus on dimensional analysis and scaling
laws (such as the Froude number and filling degree similarity) to facilitate the
translation of these findings to industrial-scale applications.

R, =30mm, R, =32mm, L=30mm, /=30mm, 2= 10 mm, 6 = 0.5 mm, /, =4 mm, /, =4 mm

Fig. 2. Structure of the baffle in the rotary furnace: straight baffle (a), right-angle
baffle (b), and inclined baftle (c).
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Simulations varied three key parameters — particle filling degree (20%, 30%,
50%), rotational speed (3, 4, 5 rpm), and baffle shape (straight, right-angle,
inclined) — to generate the dataset for subsequent neural network training and
optimization. This parametric analysis aims to systematically elucidate the
influence mechanisms of these parameters on particle mixing and heat transfer
characteristics. All simulated conditions maintained an initial mass ratio of
3:1 between oil shale and shale ash, with the initial temperature of shale ash
(740 °C) set significantly higher than that of oil shale (110 °C) to accurately
simulate the solid heat carrier process used in industrial applications.

4. Analysis of DEM simulation results

4.1. Evaluation metrics for particle mixing and heat transfer

To analyze the mixing and heat transfer between oil shale and shale ash
particles, the mixing index (M), the average temperature of oil shale particles
(T), and the particle temperature standard deviation (S,) were employed as
evaluation metrics [26]. A higher M value indicates better mixing, while
alower §, signifies a more uniform temperature distribution and superior heat
transfer performance.

4.2. Influence of operational and structural parameters

As shown in Figure 3, a lower filling degree (20%) significantly enhanced
particle mixing, achieving a higher maximum mixing index (0.217) more
rapidly (112 s) compared to higher ratios (30% and 50%). This is attributed
to increased particle mobility and enhanced convective mixing under
reduced gravitational compaction. This observation aligns with the findings
of Herz et al. [13] and Nafsun et al. [30], who also reported improved heat
transfer performance at lower filling levels in rotary kilns. Although the final
average temperature was similar across all cases (approximately 520 °C),
the temperature distribution was markedly more uniform at the lower filling
degree, as evidenced by a smaller temperature standard deviation. This
indicates that reducing the filling degree improves heat transfer efficiency
primarily by enhancing temperature uniformity rather than by altering the
overall heating rate.

Increasing the rotational speed from 3 to 5 rpm, as illustrated in Figure 4,
accelerated both the mixing rate and the heating rate of the oil shale particles.
The system reached a stable mixing state more quickly at higher speeds. More
importantly, the temperature standard deviation decreased significantly with
increasing rotational speed, demonstrating that a higher speed effectively
promotes a more homogeneous temperature field. This result is consistent
with the conclusions of Xie et al. [22], who demonstrated that the specific heat
transfer coefficient increases with rotational speed. At 5 rpm, the competing
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effects of enhanced collision-induced mixing and incipient radial segregation
led to fluctuations in the mixing index after 150 s; nevertheless, the overall
heat transfer performance was superior.
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Fig. 3. Variation of evaluation indices under different filling degrees: mixing index (a),
average temperature (b), and temperature standard deviation (c).
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As shown in Figure 5, the installation of baffles markedly improved
mixing compared to the baffle-free structure. Among the three baftle
types studied, the right-angle baffle yielded the best mixing performance
(M = 0.22) and, crucially, the most uniform temperature distribution
(lowest §,). Although the straight baffle achieved a mixing index similar
to that of the inclined baftle (approximately 0.21), it resulted in the largest
temperature deviation. The superior performance of the right-angle baffle
in achieving homogeneous mixing corroborates the experimental findings
of Zhang et al. [12], who identified the right-angle baffle as optimal under
specific conditions. The superior performance of the right-angle baffle
stems from its ability to generate secondary vortices during particle lifting
and cascading, thereby promoting radial mixing and increasing the contact
frequency between hot and cold particles.
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Fig. 5. Variation of evaluation indices under different baffle structures: mixing
index (a), average temperature (b), and temperature standard deviation (c).

These trends are concisely summarized in Table 1, which provides a sys-
tematic comparison of how each parameter influences mixing and heat transfer
performance. The synthesized results demonstrate that operational parameters
(filling degree and rotational speed) predominantly affect the rate of mixing
and heat transfer, as well as the uniformity of the temperature field, while
structural parameters (baffle shape) play a decisive role in mixing effectiveness
and thermal homogeneity. Among all configurations, the right-angle baffle
combined with a lower filling degree and moderate rotational speed delivered
the most favorable performance under the investigated conditions.

The results demonstrate that operational parameters (filling degree,
rotational speed) primarily influence the rate of mixing and heat transfer,
as well as the uniformity of the temperature field. Under the investigated
conditions, the right-angle baffle was identified as the optimal design.

Table 1. Summary of the effects of key parameters on mixing and heat transfer

Parameter Variation trend Effect on mixing Effect on heat transfer
uniformity (S,)

Filling Decrease Significant improvement | Significant improvement
degree (50% — 20%) (reduces S,)
Rotational Increase Improvement (may Significant improvement
speed (3 — 5 rpm) fluctuate at high speed) (reduces S))
Baftle type Right-angle > Right-angle is optimal Right-angle is optimal

inclined > straight (lowest S))
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5. Intelligent optimization

The above analysis shows that the particle filling degree, furnace rotational
speed, and baffle structure are critical parameters affecting oil shale retorting.
Through genetic algorithm optimization of operating parameters, this study
identifies the optimal parameter combination to achieve the best heat transfer
and mixing effects for a specific baffle structure, thereby enhancing the stability
and controllability of the reaction process. Optimizing operating parameters
to reach the target temperature in the shortest time can significantly reduce
the production cycle, improve equipment operational efficiency, and lower
energy consumption and production costs.

To this end, based on DEM simulation results, this study employs
backpropagation neural networks (BP-NN) and genetic algorithms to
comprehensively optimize the above operating parameters and baffle structural
parameters. The research is divided into two parts:

(1) BP-NN modeling: Mathematical models were established using
the BP-NN neural network method to characterize the operational time of
the furnace with different baffle structures in relation to filling degree,
rotational speed, mixing index, and particle average temperature.

(2) Genetic algorithm optimization: With the objective of minimizing
the operational time required for the furnace to reach the set target temperature
(i.e., particle average temperature), operating parameters for different baffle
structures — including filling degree, rotational speed, and mixing index
— were optimized to facilitate better control of the reaction process.

5.1. Establishment of a training library

Using DEM simulation results under different cases, this study selected
filling degree, rotational speed, mixing index, average temperature of oil
shale particles, and furnace operation time data for different baffle structures.
Learning samples were constructed for straight, right-angle, and inclined
baffles, with sample sizes of 24901, 33173, and 41300 data points, respec-
tively. For each baffle type, learning samples were randomly divided into test
and training sets in a 1:9 ratio. Predicted operation times for test samples were
obtained via neural network training and compared with their corresponding
actual values.

5.2. Neural network prediction model

5.2.1. Model building

BP-NN is a multi-layer feed-forward neural network trained by the error back-
propagation algorithm. It is widely used in large-scale model prediction due
to its high modeling accuracy and short training time. The network consists of
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an input layer, hidden layers, and an output layer, with the input signal passing
through the hidden layers to the output layer.

This study employs a three-layer BP-NN, with the input layer consisting
of four key parameters: filling degree, rotational speed, mixing index, and
average temperature of oil shale particles. The output layer predicts the
corresponding operation time. The network includes two hidden layers, each
with 20 neurons. The training function is trainbr based on the Bayesian
regularization algorithm, which reduces the overfitting risk and improves
model generalization. The mean square error is used as the performance
evaluation function, with a network convergence error set to 1e-6. The fansig
activation function handles nonlinear features, while the output layer uses the
purelin linear function to directly predict the shortest operation time.

5.2.2. Predicted results

Figure 6 shows the comparison results between predicted and actual operation
times of test samples for the inclined baffle structure, along with the relative
error distribution of predictions obtained via neural network training.
The predicted operation times exhibit a high degree of consistency and
overlap with actual values, indicating excellent prediction performance and
confirming that the neural network algorithm meets the model prediction
requirements of this study. Due to the large dataset, only partial comparison
results are presented in Figure 6.

As shown in Figure 7, the relative error distribution of operation time
predictions for the inclined baffle indicates that the relative errors of more
than 90% of training samples are controlled within £0.1%, with the maximum
relative error not exceeding 0.25%. Calculations show that the average
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Fig. 6. Comparison between predicted and actual operation times and relative error
distribution for the inclined baftle structure.
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relative errors of operation time predictions for the straight baftle, right-angle
baffle, and inclined baffle are 0.03%, 0.03%, and 0.03%, respectively; all of
which are less than 1%. This demonstrates that the BP-NN model accurately
predicts the equipment’s operation time under different operating conditions,
with relative errors within the acceptable range for engineering applications.

Notably, the straight and right-angle baffle prediction samples exhibit
similar operation time prediction results to the inclined baffle, and thus are
not repeated here.

5.3. Genetic algorithm optimization

Genetic algorithm (GA) is a widely used global search method. The selection
of an appropriate optimization algorithm is crucial for the efficiency and
effectiveness of the intelligent optimization framework. Several Al-based
optimization methods are available, each with distinct characteristics.
For instance, PSO is renowned for its simple implementation and rapid
convergence in the early stages, but it may struggle with complex multi-modal
problems and is prone to premature convergence [31]. Reinforcement learning
(RL) excels in sequential decision-making processes and can handle dynamic
environments, yet it typically demands substantial computational resources
and interaction data, which is prohibitive for computationally expensive
simulations like DEM [32].

In contrast, GA was chosen for this study due to its well-established
capability in handling non-linear, multi-parameter optimization problems
with discontinuous and complex search spaces, which aligns well with the
characteristics of our parameter-response model. Its global search ability,
derived from operations such as selection, crossover, and mutation, reduces
the risk of being trapped in local optima. Furthermore, the coupling of GA
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with the BP-NN creates a powerful surrogate-based optimization strategy [33].
The BP-NN provides a rapid and accurate prediction of the objective function
(operation time), effectively replacing the computationally intensive DEM
simulations during the iterative optimization process. This GA-BP synergy
offers a balanced approach between global exploration and computational
efficiency for our specific problem.

In this study, the shortest running time when the equipment reaches the
set temperature is taken as the optimization objective, and the filling degree,
rotational speed, and mixing index of the furnace are optimized under different
baffle structures. The optimization results indicate that the operation time
required to reach the target temperature can be reduced by approximately 20—
30% compared to the baseline conditions, which is expected to significantly
lower energy consumption and production costs. In addition, increasing the
heating rate can accelerate the breaking of valence bonds of organic matter,
thus increasing the generation of reaction products. At the same time, rapid
heating will increase the temperature gradient inside and outside the particles,
which is conducive to the escape of the reaction products and shortens their
residence time. This not only helps reduce secondary reactions and cracking of
volatile products, ultimately improving the shale oil yield, but also contributes
to enhancing the product quality of shale oil.

The parameter settings of GA are shown in Table 2.

Table 2. Optimization parameter settings in genetic algorithms

Optimization parameter Description Range
Objective functions Operation time min
Particle filling degree 0.30.5
Optimization variables Furnace rotational speed 3-5 rpm
Mixing index 0.18-0.25
Constraints Average temperature of oil shale particles 500-550 °C
Generation number 100
Population size 200
Initial parameters Selection rate Tournament
Crossover probability 0.8
Mutation rate Adaptive feasible

Figure 8 illustrates the iterative evolution of fitness values during
genetic algorithm optimization for minimizing operation time when the
average temperature of oil shale particles reaches 520 °C under three baffle
configurations: straight, right-angle, and inclined. The figure clearly reflects
the convergence characteristics of the optimization process and its effect.
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From the curve trends, the algorithm rapidly improves fitness values
within the first 20 generations, then enters a smooth convergence stage, and
stabilizes at around 50 generations. The maximum fitness value converges to
approximately 0.82.

Table 3 presents the shortest operation times and optimized parameter
combinations for straight, right-angle, and inclined baffles to reach the 520 °C
operating temperature. As depicted in Table 3, the inclined baffle demonstrates
the highest thermal efficiency, reaching the target temperature in only 397 s,
followed by the straight baffle (468 s) and the right-angle baffle (492 s).
It is noteworthy that while the right-angle baffle exhibited the best mixing and
temperature uniformity in the DEM analysis (Section 4.2), the inclined baffle
achieved the shortest operation time in the global optimization. This highlights
the distinction between optimizing for a single physical objective (e.g.,
mixing uniformity) and a comprehensive process objective (e.g., minimum
time to reach a target temperature), and underscores the value of the integrated
DEM-NN-GA framework in identifying such nuanced optimal solutions.
Under optimal conditions, the mixing index of all three structural designs
stabilizes at 0.18, whereas the filling degree parameters exhibit significant
differences.

While traditional DEM simulations accurately analyze particle motion [17—
22], they consume substantial computational resources to determine optimal
conditions. In contrast, the genetic algorithm-based optimization method
overcomes this limitation by establishing nonlinear mapping relationships
between parameters and operation time, enabling rapid prediction of reasonable
process parameter combinations and significantly improving optimization
efficiency. This data-driven approach, integrating simulation with intelligent
algorithms, addresses the challenge of multi-parameter coupling optimization
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that is difficult to resolve through traditional numerical or experimental
methods alone [15, 23]. This approach provides a new research idea and
technical pathway for optimizing complex multi-parameter coupled systems.

Figure 9 illustrates the minimum operation time required for the furnace
to achieve operation temperatures of 500 °C, 510 °C, 520 °C, 530 °C, 540 °C,
and 550 °C for straight, right-angle, and inclined baffles. Results show that
for all baffle structures, the minimum operation time increases with increasing
operation temperature.

Comparing optimization results across baffle structures for the same
operating temperature, the inclined baffle requires the shortest operation time,
followed by the straight baffle and then the right-angle baffle. This indicates
that under multi-parameter coupling, the inclined baffle exhibits the fastest

Table 3. Optimization results for straight, right-angle, and inclined baffles at 520 °C

Optimization Optimization variable
goal
Baffle shape
Time Filling degree Rotational Mixing index
speed, rpm
Straight baffle 467 0.36 5.00 0.18
Right-angle baftle 492 0.30 3.00 0.18
Inclined baffle 397 0.32 3.00 0.18
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600 —B— Straight baffle A
—®— Right-angle baffle -
—— e 5 -
550 | Inclined baftle e p
S 2~ _w -
2 500 e a- "
= — & - - y
- - L g -
450 _a- A -
[ - e -
400 — —A— T
- — — A~

350 1 1 1 1
500 510 520 530 540 550

Temperature, °C

Fig. 9. Minimum operation time for straight, right-angle, and inclined baffles under
different operating temperatures.
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heating rate, followed by the straight baffle, with the right-angle baffle having
the slowest heating rate. This finding provides a complementary perspective
to the structural optimization studies exemplified by Liang et al. [14],
demonstrating that the “optimal” structure can vary depending on the specific
performance metric chosen for optimization.

Figure 10 shows the distribution of decision variables (filling degree,
rotational speed, and mixing index) for optimizing the shortest operation time
of different baffle structures under varying operating temperatures.

Figure 10(a) indicates that the filling degree for the straight baffle ranges
from 0.35-0.40, decreasing with increasing operating temperature. For both
the right-angle and inclined baffles, the filling degree distribution interval is
0.30-0.35. Notably, the filling degree of the right-angle baftle decreases with
temperature, while that of the inclined baffle increases.

Figure 10(b) reveals that the rotational speed for the right-angle baftle
ranges from 4.4-5.0 rpm. At 500 °C, the optimal condition uses 4.85 rpm,
whereas other optimal conditions adopt 3.0 rpm. In contrast, the inclined
baftle maintains a constant rotational speed of 3.0 rpm across all temperatures.
The straight baffle’s rotational speed increases with temperature, reaching
5.0 rpm at 520550 °C. Evidently, rotational speed has a minimal impact on
the minimum operation time across different baffles and temperatures.

Figure 10(c) shows that the mixing indices of the straight and right-angle
baffles follow a similar trend: 0.25 at 500 °C and 0.18 at 510-550 °C. For the
inclined baffle, the mixing index remains 0.18 at 500-530 °C and increases
with further temperature rises. These distributions of filling degree, rotational
speed, and mixing index provide a basis for equipment operation control.
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6. Conclusions

This study establishes an intelligent optimization framework for particle
mixing and heat transfer in rotary retorting furnaces by integrating the discrete
element method (DEM), backpropagation neural network (BP-NN), and
genetic algorithm (GA). DEM simulations were first conducted to generate
foundational data, based on which a BP-NN model was developed to predict
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operation time. Subsequently, GA was employed for global optimization of
key operational parameters to minimize the time required to reach the target
temperature. The main findings are summarized as follows:

1.

The established BP-NN prediction model demonstrates excellent
accuracy, with a maximum relative error between predicted and actual
operation times not exceeding 0.25%. This model effectively overcomes
the limitations of traditional DEM simulations, such as high computational
cost and long calculation time, providing an efficient tool for operational
optimization.

The optimization framework integrating BP-NN and GA proves highly
effective for multi-parameter coupling optimization in rotary retorting
furnaces. By establishing a nonlinear mapping among key parameters,
it enables the rapid identification of optimal settings for different baffle
shapes. The results reveal a nuanced finding: while the right-angle baftle
excelled in mixing and temperature uniformity in isolated analysis,
the inclined baffle achieved the shortest operation time under global
optimization, underscoring the importance of a system-level approach.
Consequently, the optimal parameter combinations derived by GA provide
clear guidance for industrial operation, promising to shorten production
cycles by approximately 20-30%, reduce energy consumption, and
enhance shale oil yield and quality by minimizing secondary reactions.

While the GA-BP framework demonstrated superior performance here, it
is instructive to acknowledge its position relative to other Al paradigms.
Future work could involve a comparative analysis with other meta-
heuristics (e.g., particle swarm optimization) within the same surrogate-
assisted framework. For scenarios requiring real-time adaptive control,
exploring hybrid strategies — such as leveraging the trained network
within a model-based reinforcement learning framework — presents a
promising direction, despite the associated computational challenges.
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Abstract. To optimize the oil shale retorting process and improve the thermal
efficiency of the retort, a heat transfer model of the oil shale retorting in
the Fushun-type retort was established based on the gas-solid heat transfer
equation. The orthogonal experimental method was used, with hot air
volume (A), hot recycle gas temperature (B), and oil shale interparticle
porosity (C) taken as the investigation factors, and the retort height required
for the retorting of the same quality oil shale as the metric of the thermal
efficiency of the retort. The smaller the retort height, the higher the thermal
efficiency of the retort. Range and variance analyses revealed that the effects
of the three factors on retort height are, from large to small: A> B >C;
this shows that hot air volume (A4) exerts the most significant influence. Based
on this, computational fluid dynamics simulation was conducted on the hot
air volume parameter. The study shows that increasing the hot air volume
can effectively increase the heat supply proportion of the generated gas in the
retorting process to 59.288%. To maintain the height of the high-temperature
zone in the reaction section, it is proposed to increase the oxygen content in
the hot air volume, which proves the feasibility of oxygen-enriched retorting.
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1. Introduction

Oil shale is a kerogen-rich sedimentary rock that can be broken down when
heated to produce shale oil and pyrolysis gas. Its global reserves far exceed
those of traditional oil, making it a valuable energy resource for countries such
as the United States, Russia, and China. Oil shale under air-isolated conditions
can be subjected to low-temperature retorting to obtain shale oil, shale semi-
coke, and pyrolysis gas. Among the existing ground-based retorting processes
for industrial production, the gas heat-carrier retorting process is the most
widely used, such as Brazil’s Petrosix process, Estonia’s Kiviter process,
the U.S. SGR process, Japan’s Joseco process, and China’s Fushun retorting
process. The Fushun-type retort is equipment for oil shale retorting that uses
hot recycle gas as a heat carrier, and it has achieved the largest commercial
production in China [1].

Many operating parameters affect the thermal efficiency of oil shale
retorting. Many scholars have analyzed the effects of typical parameters on
the retorting process of oil shale, including heating rates, grain size of oil
shale, pyrolysis process temperature, and residence time of oil shale.
Wang et al. [2, 3] investigated the effects of different heating rates on the
density, viscosity, boiling point, cloud point, and calorific value of shale oil
during pyrolysis of oil shale. Nazzal [4] showed that shale oil coking at higher
heating rates leads to lower yields. This may be because the temperature
difference between the core and oil shale surface increases significantly
as the heating rate rises during the pyrolysis process. Geng et al. [5] found
that the shale oil yield increases significantly during oil shale pyrolysis at
temperatures ranging from 300 to 500 °C and decreases above 500 °C due to
the enlargement of oil shale pores and secondary decomposition of pyrolysis
products. Pan et al. [6] conducted a similar study. The results demonstrate
that oil shale yield is positively correlated with temperatures from 350 to
520 °C and negatively correlated at temperatures ranging from 520 to 600 °C.
Experiments by Xu et al. [7] showed that increasing the residence time can
improve the physical properties of oil shale, but a residence time that is
too long can lead to secondary decomposition of oil and gas. Han et al. [§]
used gas chromatography—mass spectrometry to extract and characterize
the organic compounds in shale coke under different pyrolysis conditions.
A prolonged residence time leads to the enrichment of aromatic hydrocarbons
and nitrogenous organic compounds in oil shale coke, resulting in lower shale
oil grades. Khalil [9] indicated that the particle size of oil shale affects mass
transfer, heat transfer, and secondary reactions during pyrolysis, and that an
increase in particle size leads to a decrease in total weight loss and gas weight
loss, as well as a decrease in the amount of oil produced. Tang [10] conducted
a study on samples with different grain sizes and performed thermogravimetric
analysis. These results are consistent with those of previous assessments.
However, in the oil shale retorting process, the influence of relevant operating
parameters on the retort’s thermal efficiency remains poorly understood.
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Moreover, it is unclear which of these parameters have the most significant
impact and which can be neglected.

Therefore, a numerical heat transfer model was established for oil shale
retorting in the Fushun-type retort based on the gas-solid heat transfer
equation in this work. The specific effects of the three typical parameters — hot
air volume, hot recycle gas temperature, and oil shale interparticle porosity
— on the heat utilization efficiency of the retort were discussed, the key factors
affecting the thermal efficiency of the retort were determined, and effective
improvement measures to improve the thermal efficiency of the retort were
proposed.

2. Research object and methods

2.1. Research object

The Fushun-type retort can be divided into three sections from top to
bottom [11]: drying, retorting, and gasification sections, as shown in Figure 1.
The process flow for each section is as follows:

(1) Drying section

Oil shale with a particle size between 12 and 75 mm is fed into the retort from
the top via the feeding device and then enters the drying section, flowing in
a top-down direction. In the drying section, the oil shale comes into counter-
current contact with the upward-flowing shale oil and gas mixture. It is heated
to a temperature of 100—150 °C, causing the moisture within it to be released.
The released moisture rapidly evaporates into steam and mixes with the oil
and gas mixture, thus completing the drying process. Subsequently, the shale
oil and gas mixture carrying the steam is led out of the retort through the gas
collection umbrella.

(2) Retorting section

The dried oil shale exchanges heat with the hot recycle gas that passes through
the section, as well as with the hot gas mixture flowing from the lower
gasification section. Specifically, when the oil shale is heated to 330 °C, low-
boiling-point volatile fractions start to form. In the temperature range of 350—
550 °C, the oil shale releases a large amount of tar. The generated tar gases
volatilize upward and are then led out through the gas collection umbrella.
(3) Gasification section

The gasification section is primarily located in the lower part of the retort,
where reduction reactions and oxidation reactions mainly occur. In the
reduction reaction, after semi-coke from the retorting section absorbs physical
heat from hot gases generated in the oxidation reaction, some fixed carbon in
the semi-coke reacts with water vapor to generate CO and H,. The resulting
water gas combines with gases from the gasification section to form a gas
mixture that rises into the upper retorting section, while the semi-coke moves
downward to undergo oxidation reactions.
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Fig. 1. Schematic structure of each section of the oil shale retort.

In the oxidation reaction, the fixed carbon in the shale semi-coke undergoes
a vigorous oxidation reaction with the saturated air at 75-85 °C that is fed in,
generating high-temperature products with a temperature greater than 700 °C,
such as CO,, CO, and shale ash. The newly formed gases mix with N, in
the air to form a gas mixture. The gas mixture offers essential heat for the
semi-coke reduction gasification reaction. At the same time, the shale ash
produced by the reaction enters the cooling section.

2.2. Establishment of mathematical models
2.2.1. Modeling method

By discretizing the heat exchange field inside the retort, the energy balance
equations for each section of the retort were established. These equations form
a system of equations that can be solved discretely to effectively describe the
characteristics of the high-temperature heat exchange field [12, 13].

Figure 2 shows the input and output parameters of the mathematical model.
The accuracy and comprehensiveness of these parameters are crucial for the
validity of the model. By properly selecting and adjusting these parameters,
the complexity and dynamic changes within the heat exchange field in the
retort can be captured more accurately [14]. The model’s input parameters
cover all aspects of the heat exchange field, whereas the output parameters
provide key information about the simulation results.
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Fig. 2. Input and output parameters of mathematical models of heat transfer processes.

Table 1. Parameters specified in the modeling

Parameter Value
Oil shale initial temperature 23 °C
Oil shale particle size 12~75 mm
Thermal conductivity of oil shale 1 W/(m-K) [15]
Apparent density of oil shale 1900 kg/m?
Oil shale specific heat capacity 967 J kg °C!
Oil shale moisture content 7.5%

Hot recycle gas density 1.22 kg/m?
Shale ash specific heat 1088 J kg °C!
Density of mixed gas 1.08 kg/m3 [16]

Hot air density 1.293 kg/m®

Loss factor of oil shale 0.069 [17]

Mean retort diameter 2750 mm

Mass flow rate of oil shale at inlet 1.375 kg/s
Mass flow rate of air at inlet 0.479 kg/s

Mass flow rate of hot recycle gas at inlet 0.289 kg/s
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2.2.2. Assumptions

In view of the complex heat transfer process in the oil shale retorting,
the following assumptions were made:

(1) It was assumed that the heat dissipation loss of the retort wall was
negligible.

(2) It was assumed that the influence of radiation heat transfer in the retort
was negligible.

(3) It was assumed that the material layer and gas properties were uniform
within each section.

(4) The average particle size of oil shale particles in the actual retorting
process was used instead of the actual particle size.

(5) The impact of heat transfer caused by the generation of oil and gas from
the pyrolysis of organic matter during the oil shale retorting process was not
considered.

2.3. Mathematical model

2.3.1. Theoretical basis of gas-solid convection heat transfer in oil shale retorts

During oil shale retorting, the solid material descends slowly and passes
through the drying section. The hot recycle gas passes vertically through the
material layer, exchanging heat with oil shale particles. This not only cools
the semi-coke but also promotes the pyrolysis of the oil shale. The complex
gas flow and heat transfer within the pores, owing to the small pore diameters
and irregular shapes between the oil shale blocks, pose challenges for accurate
mathematical simulation. Thus, the material layer was treated as a porous
medium to account for heat transfer between the gas and solid phases.

The local non-thermal equilibrium double energy equation for convective
heat transfer in porous media has been used to analyze the heat transfer
process between gas and solid phases. Oil shale particles and gases were
treated as distinct continuous media. Within the volume unit defined by the
zones, the average temperatures of the gas and solid regions were determined
and considered as the average temperatures of the gas phase and solid phase
objects, respectively. These temperatures represent the thermal state within
the same characteristic volume, and the heat transfer process within the
porous medium is treated as a heat exchange between these two phases.
The corresponding generalized system of equations is as follows:

ot,

£(pe, )f 6_; +(pe, )f VeVt =V (A, Ve )=k (1, -1,), (M
(=) (pe) L= (1=)V- (A Vi)t (1, -0) L @

! For symbols used in the equations, please refer to the Nomenclature at the end of this article.
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Equations (1) and (2) are the differential equations for gas-solid heat
transfer. The heat transfer process within the retort can be simplified to a
gas-solid heat transfer process within a porous medium, thereby avoiding the
consideration of other complex heat transfer phenomena, such as solid-solid
and gas-gas heat exchanges, during the analysis of discrete equations.

Given that adjacent oil shale blocks are in point contact and have a small
thermal conductive area, and considering the small thermal conductivity of oil
and gas in the gas stream, the thermal conductive fluxes between the material
layers and between the gas stream and the material layers can be neglected in
comparison to convective heat transfer. Therefore, the heat transfer between
the gas and the material layer can be simplified to the expression shown below
[16-20]:

¢s—f = hv,s—f (ts _tf) > (3)
where the convective heat transfer coefficient 4 per unit area between the

material layer and gas can be determined by Achenbach’s criterion relation
[21, 22], as shown below:

6h, (1-¢
hv,s—f = fc(i ) ) (4)
)4
where A fis determined as follows:
Nu = —hz % _20+06Pr RS (5)

s

In Equation (5), the values of Pr and Re can be obtained by solving the
following equations:

Pr:('ucp)/ , (6)
ﬂ'f

Re= P (7)
Hy

2.3.2. Mathematical modeling of oil shale retort

A discretization method was applied to solve the heat transfer process within
the retort by dividing the entire heat transfer region into small sections.
The temperature and physical parameters were assumed to be uniform within
each section. By discretizing the heat-transfer region, an energy-balance
equation can be established for each section. This series of equations forms
a system, and by solving this system, it is possible to characterize the heat
transfer between the gas and solid in a discrete manner. Figure 3 shows the
heat-transfer process diagrams for these three sections.

The heat transfer equations for each section of the retort can be established
based on the energy conservation equation and the heat transfer equation
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Fig. 3. Heat transfer process diagram for oil shale retort.

between gas and solid phases. It should be particularly noted that there is
a unique source term in the energy conservation equation for each section.
In the gasification section, the source term includes the chemical heat released
by the combustion of semi-coke and the heat absorbed during the gasification
of semi-coke; in the retorting section, the source term is the heat absorbed
during the pyrolysis of oil shale; and in the drying section, the source term
is the latent heat consumed by the evaporation of water. By accurately
considering these source terms, the heat transfer process in each section of
the retort can be more accurately described. The equations for each section are
shown as Equations (8)—(11).

Gasification section:
(1) Oxidation reaction:

¢go—in + ¢so—in = ¢go—0ut + ¢so—out - ¢y
¢g07in - ¢gufout = mgo,iflcgu,ifltgo,ifl - mga,icgo,itgu,i = _ho,iV(txo,i - tga,i) - ¢y B (8)
¢so—in - ¢so—out =m ¢ { —my, Cy, it = ho,iV(t - Z‘go,i)

50,i+17s0,i+1"s0,i+1 50,i50,i" 50, 50,i
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(2) Reduction reaction:

¢gr—in + ¢sr—in = ¢gr—out + ¢sr—out + ¢h
Corjtlerjon =My Cop ity ==h YV, —t, ) - (9)

¢gr—in _¢gr—out = mgrj 1~gr,j—1"gr,j-1 gr,jgr.j gr,j

¢sr7in _¢xr70ut = msr,j+1Csr,jJrltsr,jJrl - mrr ]csr Josr,j h V(tvr .J gr,j) + ¢h
Retorting section:

¢gt—in + rws—in + st—in = ¢gt—oul + st—out + ¢t + g—t
¢gl—m ¢rsw in ¢gt —out — gl k— lcgl k— ltgl k-1 mgl kcgl ktgz k ° (10)
= _ht,kV(t.xt,k - gt,k) +¢ + m 1 Cork (tgt,k =1, ")

¢slﬂ’n - ¢s170ut = m.vt,k+lcsl,k+ltxl,k+l - mvl kcvl kst k ht kV(trt k gt,k)
Drying section:
¢gd—in + sd—in ¢gd—out + sd —out + ¢w + ¢g—w

¢gd—in _¢gd—out = mgd m— lcgd m— ltgd m-1 mgd mcgd m gd m ha’ mA(tsd m gd m) (1 1)
+m. c. (tgd,m —t..)

wow,m

¢sd—in - ¢sd—out = msd,n1+lcsd,m+1tsd,m+l - msd mcsd m sd m hd mV( sd ,m _tgd,m) + ¢w

2.3.3. Solution and validation of the model

(1) Solution of the model

Separately, the equations for the above four sections were linked to form a set
of energy-balance equations for each model section. The solution model for
the temperature field in each of these processes can be expressed in the form
of a matrix equation:

[4]1+C=0. (12)

To facilitate the model, the height of each model section was divided
into 0.01 m. Assuming that there are N model sections in the retort,
N, model sections are required for the gasification process of semi-coke,
N, model sections for the retorting process of shale semi-coke; and N, model
sections for the drying process of shale semi-coke, thatis, N=N + N, + N..
The following gasification section was used as an example to establish a
system of matrix equations to solve the problem, and the remaining three
sections were listed in the same way.

(a) Matrix solver:

-

T
L= (ts,lﬂtg,lﬂ' : '9ts,i’tg,i7' ’ "ts,Nl 7tg,Nl ) : (13)

N
Vector # has 2N, elements.
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Matrix [4], is as follows:

h Vv, 0 0 0 0 0 0
& b myc,, 00 0 0 0 0
0 My, Cownr M.V W, 0 0 0 0
0 0 & he vV m,qc,, O 0 0 ’ 0
0 0 0 0 0 0 : 14
(=1 0 0 0 My, Coi bV v, 0 0 0 -(14)
: 0 O 0 é’ hs—gV mso,i s0,i 0 O
0 0 . 0 0 0 . . 0
0 0 e 0 0 0 Mo v, Coo.m, h.\-ng Yy,
0 0 0 0 0 & h.V
Included among these:
é = _(mso,icso,i + ho,iV) > (1 5)
Wi = _(mgo,icgo,i + ho,iV) * (16)

Vector C is as follows:
mg(),chu,Otgo,O + ¢y

0

_ 4,
C= . . (17)
2

so,N; cso,N, tso,Nl

m

(b) Physicochemical reaction parameters in the model:

The temperature at which the pyrolysis of oil shale is initiated increases
with the extent of retorting. The onset of pyrolysis for oil shale particles
occurs at 180 °C. Consequently, it is assumed that the water within the oil
shale particles evaporates linearly between 25 and 180 °C, and the volatile
fraction precipitates linearly between 180 and 550 °C [23, 24]. The special
heat release of each section in the oil shale retort is shown in Table 2.
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Table 2. Heat composition of each section in the retort

Pyrolytic heat release characteristics of materials Symbol Calorific value
in the retort
Heat released by unit mass of solid combustion q, 32791670 J/kg
in the oxidation reaction
Heat absorbed by unit mass of solid in the redox q, 7508300 J/kg
reaction (water-gas reaction)
Heat required for releasing volatiles via pyrolysis q, 235559 J/kg [25]
of unit mass of solid in the retorting section
Latent heat of water evaporation and gasification q, 2442000 J/kg [26]
in the drying section
Gasification section
Oxidation reaction:
my — m v,all
N,
9, =q,xm, (18)
My, =My, o+ (I =1)xm,
mso,i = msn,O + l X my
Reduction reaction:
Lo
m,=——
N,
@, =q.xm, (19)
mgr,j = mgo,N] + (J - 1) x mh
msr,j = mso,Nl + ] x mh
Retorting section:
_Man
t ]\]3
¢ =q,xm, (20)
My =My, + (k=D xm,
my = msr,Nz +kx m, + My
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Drying section:

m, = Tl
N4
$,=q,xm, - (21)
My, =My y +(m—-1)xm,
My, =My +mxm,

(2) Validation of the model

To validate the accuracy of the mathematical simulation method, this
study compared and analyzed the numerical simulation results of the gas-
phase temperature distribution within the retort against real-time monitoring
data of gas phase temperature distribution obtained during actual industrial
production processes. The specific measurement locations and comparative
results are shown in Figures 8 and 4, respectively. The comparative analysis
results indicate that the maximum relative deviation between the measured
gas-phase temperature data and the simulation results is within 8%. Although
a certain margin of error exists, considering the simplified assumptions of the
model and the requirements of practical engineering applications, this level
of deviation is deemed reasonably acceptable. These findings validate the
reliability of the computational model in reflecting the actual thermodynamic
characteristics under operating conditions.

3. Results and discussion

3.1. Gas-solid temperature distributions

Figure 5 depicts the temperature distributions of the oil shale particles and
mixed gas, as well as the temperature differences between them, within the
chamber of a gas retort. The retorting process was conducted at 520 °C, with
oil shale particles having a porosity of 0.5.

Within the retort, the gas-solid phase exhibits typical counter-current heat
transfer characteristics along the retort height direction.

At ambient temperature, the oil shale is fed from the retort top and gradually
descends under gravity. Oil shale is progressively heated via thermal exchange
through intensive contact with the upward-flowing hot gas carrier. Oil shale
undergoes sequential drying and retorting processes, yielding oil vapors and
semi-coke. During this process, the gas phase is cooled and the oil vapors
become gaseous components. Concurrently, the hot recycle gas is introduced
into the retorting section, transferring its thermal energy to the oil shale.
This causes a certain degree of temperature elevation in the gas phase. Finally,
the gas phase exits the retort at approximately 120 °C.
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Fig. 5. Gas-solid temperature distribution.

The semi-coke moves downward into the gasification section, where it
fully contacts and absorbs heat from the gas phase, undergoing the water-gas
shift reaction. This effectively prevents excessive temperature elevation of the
semi-coke, maintaining it stably between 500-550 °C. During this process,
the gas phase is cooled, and the gaseous products generated from the water-
gas shift reaction also join the gas phase.

The semi-coke unreacted in the reduction reaction continues to move
downward, mixes with air supplied from the bottom, and undergoes oxidative
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combustion. During this process, the semi-coke reacts completely with
oxygen, releasing substantial heat that causes its temperature to rise rapidly
to approximately 750 °C. Simultaneously, the high-temperature combustion
products enter the gas phase, elevating the gas temperature significantly to
around 850 °C. During combustion, the semi-coke is converted into high-
temperature semi-coke ash, which exchanges heat with the cold air introduced
from the bottom of the retort. The heat from the semi-coke ash is transferred
to the cold air, causing a decrease in its temperature, while the temperature of
the gas phase is further increased. Ultimately, the semi-coke ash is cooled to
around 65 °C, and then discharged from the retort.

Changes in parameters such as hot air volume, hot recycle gas temperature,
and porosity affect the heat transfer process and heat transfer intensity inside
the retort. Specifically, the variation in porosity (as shown in Eq. (5)) influences
the gas-solid heat transfer coefficient. Meanwhile, the hot air volume and hot
recycle gas temperature alter the thermophysical properties of the mixed gas
in the retort and the gas mass involved in reactions at different stages. These
changes further affect the heating degree of oil shale particles, leading to
variations in both the location where oil shale undergoes retorting and the
time required for complete retorting. Under different parameter conditions,
the reasonable retort height is defined as the height at which oil shale just
finishes pyrolysis inside the retort. This height ensures no redundant space
while avoiding impacts on product yield and quality.

The curve distribution of the retort temperature varying with height in
Figure 5 indicates that, to achieve the retorting of oil shale, the actual length
of each section of the retort body derived from production data is as follows:
the gasification section is 4.2 m high, the retorting section is 6.2 m high, and
the drying section is 3.0 m high, with the total height of the retort being 13.4 m.
For the current Fushun-type retort in the plant, the internal reaction height
(excluding the ashtray and air distributor head) measures 12.6 m. The relative
error between this measured height and the mathematically simulated height
is 6.3%. Although this error exists, it falls within an acceptable range, which
also verifies the feasibility of the mathematical simulation.

3.2. Analysis of the effect of thermodynamic parameters on the retorting
process

3.2.1. Orthogonal experimental design data and orthogonal table

In this study, an orthogonal experiment was carried out. Its purpose was
to analyze how hot air volume, hot recycle gas temperature, and oil shale
interparticle porosity affect the thermal efficiency of the retort. The retort
height needed to distill the same quality of oil shale served as an indicator
of the retort’s thermal efficiency. Specifically, a lower required retort height
indicated a higher thermal efficiency of the retort. An orthogonal experiment
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is a multifactorial experimental research method in which a few representative
experimental points can be selected from a large number of experimental
combinations. This experimental design enables a substantial reduction in
the number of experiments while ensuring the validity of scientific analysis.
Range and variance analyses are commonly used to analyze the results of
orthogonal experiments. The polar deviation method is simple, fast, and
requires minimal calculation, but it also has shortcomings, mainly because
it does not separately analyze random or conditional errors; however, the
variance method can address this deficiency [27]. In this study, we employed
the variance method for data processing and analysis. The detailed calculation
method of variance analysis is referenced in [28, 29].

The orthogonal factor-level table used is presented in Table 3. Since the
interaction of the factors was not considered, the L (3*) table was selected as
the orthogonal table. Nine sets of simulations were required, according to the
orthogonal experimental schedule, and each set of simulations was completed
sequentially. Table 4 presents the orthogonal table used to study the multifactor
effect levels. During the parameter selection process, the experimental para-
meters were determined based on the actual plant process and theoretical
calculations. This was done to ensure several conditions. First, the hot air
volume did not exceed 1.24 kg/s. Second, the hot recycle gas temperature was

Table 3. Orthogonal experimental factor level table

Factors
Level Hot air volume, kg/s Hot recycle gas temperature, °C Porosity
A B C
1 0.3996 516.07 0.4
2 0.4627 536.07 0.5
3 0.5258 556.07 0.6

Table 4. Orthogonal experimental design and results

Factors
Case Retort height, m
A B C Error
1 1 1 1 1 16.21
2 1 2 2 2 15.15
3 1 3 3 3 14.58
4 2 1 2 3 14.22

Continued on the next page
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Table 4. Continued

Factors
Case Retort height, m
A B C Error
5 2 2 3 1 13.81
6 2 3 1 2 12.50
7 3 1 3 2 13.24
8 3 2 1 3 12.07
9 3 3 2 1 11.75

close to 550 °C. Additionally, the porosity was optimized using the nonlinear
value-taking method in order to identify the optimal parameter combination.

3.2.3. Analysis of orthogonal experiment results

Nine cases were designed in the orthogonal experiment, and the variation
diagrams of gas-solid temperature with retort height distribution for each case
were analyzed. The distribution law of the maximum retort height is consistent
with that in the orthogonal experiment table. The specific variation law of gas-
solid temperature distribution with height under each working condition is
shown in Figure 6.

It can be observed that regarding the variation of temperature distribution
with retort height from Case 1 to Case 9, the overall variation law shows
consistency. Among these cases, Case 1 exhibits the highest retort height,
which is 16.21 m, while Case 9 is the working condition with the lowest retort
height, at 11.75 m. Based on the analysis of retort heights at different levels,
the retort height varies with the change of working conditions.

In the lower region of the retort, the gas and solid phase temperatures of
all cases rise rapidly to relatively high levels, with peak values approaching
or exceeding 750 °C; this is due to the large amount of heat released by the
intense combustion reactions occurring in this region. In contrast, in the drying
section of the upper retort, the gas and solid phase temperatures decrease
continuously and eventually reach relatively low levels. This is because
the newly added oil shale particles need to absorb heat from the mixed gas in
the retort, resulting in a rapid temperature drop of both phases in this region.

As the retort height increases, the temperatures of the two phases show an
overall decreasing trend, but there are significant differences among different
cases: the temperature drop in Cases 1-3 is relatively gentle, and the gas
phase temperature is consistently higher than the solid phase temperature,
with a stable temperature difference between them. This is because the high-
temperature gas generated by combustion is used to heat the solid phase,
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Fig. 6. Gas-solid temperature distribution diagrams for Cases 1-9.

leading to the gas phase temperature remaining continuously higher than the
solid phase temperature. The magnitude of the solid phase temperature drop
in Cases 4-6 is significantly greater than that in Cases 1-3. The main reason
is that the increased hot air volume enhances the heat transfer process with
the solid phase, resulting in a larger decrease in the solid phase temperature.
The temperature decreasing trend in Cases 7-9 is consistent with the previous
cases, but there are differences in specific values and decreasing rates. Along
the retort height direction, the temperatures of the gas and solid phases drop
more rapidly — especially at the position corresponding to the retorting section,
where the length of this section is significantly shortened. This is because, as
the hot air volume further increases, the heat supply from the generated gas
in the gasification section is enhanced, which facilitates the progress of the
retorting reaction.
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In general, all cases follow the overall trend of rapid temperature rise to a
peak in the lower part of the retort, gradual temperature drop in the middle part,
and continuous temperature drop to a relatively low value in the upper part.
However, differences exist among cases in terms of temperature change rate,
temperature difference between solid and gas phases, and other parameters.
These differences are related to factors such as the amount of hot air fed into
the retort, the temperature of hot recycle gas, and porosity, which reflect the
distribution characteristics of the temperature field in the retort under different
working conditions. The height of the retort is affected by changes in different
parameters. For example, in Cases 1-9: when the hot recycle gas temperature
was consistently 516.07 °C (Cases 1, 4, 7), the retort height decreased from
16.21 m to 13.24 m as the hot air volume increased from 0.3996 kg/s to
0.5258 kg/s; when the hot recycle gas temperature was consistently 536.07 °C
(Cases 2, 5, 8), the retort height decreased from 15.15 m to 12.07 m with the
increase in the hot air volume; and when the hot recycle gas temperature was
consistently 556.07 °C (Cases 3, 6, 9), the retort height decreased from 14.58 m
to 11.75 m, following the same trend of hot air flow rate increase. This
phenomenon can be attributed to the enhanced heat transfer efficiency inside
the retort caused by the increased hot air volume, which promotes the heating
of oil shale particles and accelerates the retorting process, thereby leading to
a reduction in retort height.

Simulation studies were conducted to analyze how three factors (hot air
volume, hot recycle gas temperature, and oil shale interparticle porosity)
influence the chamber height of the retort. This analysis aims to rank the factors
according to their influence magnitude and uncover the intrinsic relationship
between each factor and the key performance indicators of the retorting
process. This study employed two statistical methods, range analysis and
variance analysis, to investigate the effects of different experimental factors
on retort height. Range analysis offers a straightforward way to understand
the influence range of each factor, while variance analysis provides a more
comprehensive evaluation by considering the variability within the data.

In this study, the orthogonal experimental method was employed to
systematically investigate the effects of factors A, B, and C on the retort height
standard. The results of range analysis showed that the primary and secondary
order of the effects of the three factors on the index was A > B > C, with their
range (R) values being 2.96, 1.61, and 0.28, respectively. Analysis of variance
further confirmed that both factor A (F = 75.822, P = 0.013) and factor
B (F =22.233, P =0.043) had significant effects on the retort height standard,
while the effect of factor C (F = 0.693, P =0.591) did not reach the statistical
significance level.

The results indicated that factor A was the most critical parameter for
controlling the retort height standard, factor B played an auxiliary regulatory
role, and factor C had no significant effect on the results within the level range
set in the experiment. Taking the reduction of retort height as the optimization
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Table 5. Influence of each factor on the mean retort height

Factor

Analytical method Item Error
A B C

Range analysis K, 15.31 14.56 13.59 13.92
K, 13.51 13.68 13.71 13.63
K, 12.35 12.94 13.88 13.62
R 2.96 1.61 0.28 0.30

Variance analysis | Sum of squares of deviations | 13.351 | 3.915 0.122 0.176

Freedom 2 2 2 2
F ratio 75.822 | 22.233 | 0.693
P 0.013* | 0.043* | 0.591
Significance * * -

objective, the recommended optimal combination of process parameters was
A3 and B3, and the level of factor C could be selected according to actual
production conditions. Combining the findings from analytical methods, hot
air volume was identified as the key factor affecting the effectiveness of oil
shale retorting production [30]. Meanwhile, the effects of hot recycle gas
temperature and porosity should not be overlooked.

The mean values of each factor in the orthogonal experiment were plotted
for comparative analysis. Figure 7 presents the mean value comparison
diagram of the orthogonal experiment, from which it can be observed that
factor A (hot air volume), factor B (hot recycle gas), and factor C (porosity)
all exert influences on the experimental index. With the increase of factor A
(hot air volume), the variation trends of the index under different hot recycle
gas temperatures exhibit significant differences: under condition B1, the retort
height decreases continuously, from 16.21 to 13.24 m; under condition B2,
it remains relatively stable, fluctuating between 15.15 and 12.07 m; under
condition B3, it shows fluctuation, yet the overall height also decreases,
dropping to a minimum of 11.75 m.

Comprehensive analysis indicates that, to improve the thermal efficiency
of the retorting retort, a higher hot air volume should be combined with the
hot recycle gas temperature at level B3. This combination can reduce the
retort height to 11.75 m, which is the lowest value among all combinations.
Meanwhile, the distribution of the three level points of porosity shows that its
influence is relatively weak. The results of the orthogonal experiment reveal
that hot air volume is the key factor affecting the retort height. Furthermore,
range analysis and analysis of variance confirm that the regulation of hot
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Fig. 7. Mean value comparison diagram of factor A with factors B and C.

air volume is significantly positively correlated with the retorting thermal
efficiency — specifically, an increase in the hot air volume can significantly
enhance the retorting thermal efficiency.

4. Study on simulation and optimization of hot air parameters for
the Fushun-type retort

Based on the above orthogonal experiment results, it is known that the factor
with the greatest influence on the height of the retorting retort is the hot air
volume. This is a key parameter for regulating the heat supply. An increase in
the hot air volume can enhance the kinetic process of the fixed carbon
combustion reaction in the gasification section, promote its full combustion,
and release more heat, thereby providing sufficient heat support for retorting.
Meanwhile, the increase in fixed carbon combustion heat can optimize the
distribution of the temperature field in the retort and affect the height of the
material layer, the range of the pyrolysis zone, and other factors. To improve the
accuracy of simulation results and conduct diversified research, computational
fluid dynamics (CFD) software was used to perform simulations on the optimal
working condition of the orthogonal experiment.

The water and oxygen in the hot air undergo redox reactions with the fixed
carbon (C) in the semi-coke. These reactions mainly occur in the gasification
section. The hot air volume has the strongest influence on the gasification
section of the retorting retort; therefore, modeling was conducted for the
gasification section. All structures used in the simulation adopt the actual
parameters of the factory. Model establishment and mesh division were carried
out for the gasification section of the retorting retort. The specific modeling
area can be seen in Figure 8.
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Thermocouple 3

i;
. Iﬁ

Fig. 8. Schematic diagram of model establishment and mesh division.

Based on the thermocouple position specified in Figure 8, a comparison was
conducted between the simulation results and the temperature measurements
obtained from the corresponding thermocouples in factory tests. It was found
that the error between the CFD simulation data and the measured data is
within 5%, which is within a reasonable and acceptable range. This effectively
confirms the accuracy of the simulation results.

Figure 9 shows the temperature distribution contour maps of the reaction
section under different working conditions. In the gasification section of the
retorting retort, heat is mainly derived from the intense oxidation reaction of
fixed carbon in semi-coke. In Figure 9(a), the high-temperature zone is mainly
distributed in the lower part of the gasification section. Driven by gravity,
the fixed carbon (C) in semi-coke falls to the lower part of the gasification
section and undergoes an oxidative combustion reaction with oxygen in the
introduced hot air, releasing heat. In contrast, in Figure 9(b), the red high-
temperature zone is concentrated in the lower-middle part, with the high-
temperature zone located relatively higher. This is because the velocity at the
hot air inlet is relatively high, resulting in a slow falling speed of semi-coke,
and the oxidative combustion reaction occurs in the relatively higher region.
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Fig. 9. Temperature distribution contour maps in the gasification section: current
factory data with a hot air volume of 0.4667 kg/s (a); the optimal hot air volume of
0.5258 kg/s selected by the orthogonal experiment (b).

The heat released by combustion in the gasification section moves upward
along with the high-temperature flue gas, forming an obvious temperature
gradient, which presents a gradual temperature decrease from bottom to top.
The lower part of the gasification section is a low-temperature zone, mainly
because this region is the location of the hot air inlet, where the air velocity is
relatively high, driving the airflow upward and preventing the occurrence of
combustion reactions in the lower part.

It can be seen in Figure 9 that there are significant differences in the
distribution of high-temperature zones under different hot air volumes. This is
mainly because increasing the hot air volume leads to an increase in the inlet
velocity, which affects the heat transfer behavior and the movement behavior
of semi-coke particles in the retort, resulting in the upward shift of the high-
temperature zone.

According to the literature, the heat sources required for oil shale retorting
are divided into three parts: (1) 47% of the heat is provided by the self-
generated gas in the gasification section; (2) 30% of the heat is provided by
the hot recycle gas; and (3) 23% of the heat is provided by the heat exchange
between the primary air and steam [31]. These three gas streams jointly
form a heat carrier, which directly conducts heat exchange with oil shale.
By analyzing the above two working conditions, the heat condition at the gas
outlet of the gasification section was investigated to explore the contribution
degree of the change in the hot air volume in the gasification section to the
heat required for the pyrolysis of the oil shale gasification section.
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According to the literature, the heat required for retorting 1 kg of oil shale
is 989.951 kJ/kg [31]. Based on the CFD simulation results, the contribution
of the two working conditions to oil shale retorting was analyzed. The results
show that the self-generated gas heating proportion of the orthogonal working
condition (59.288%) is higher than that of the current factory working
condition (46.554%), as shown in Table 6. These data verify the feasibility
of the orthogonal working condition and prove that it has more advantages in
improving thermal energy utilization efficiency.

However, analysis based on the position of the temperature distribution
contour maps shows that the high-temperature zone under the orthogonal
experiment working condition is relatively higher, while under the current
factory working condition, the high-temperature zone is mainly distributed in
the lower part of the gasification section. A higher-positioned high-temperature
zone may lead to a relatively high temperature in the retorting section,
potentially causing over-retorting. To stabilize the high-temperature zone at
a relatively lower position in the gasification section, reducing the air velocity
at the hot air inlet is conducive to maintaining a stable high-temperature zone.

Table 6. Comparison of heat supply quantities

Parameter Factory working | Orthogonal working
condition condition

Mass flow rate at the inlet of the gasification 0.272 kg/s 0.526 kg/s

section

Heat flux carried by generated gas per second 460.861 kJ 586.923 kJ

Heat supply proportion of generated gas 46.554% 59.288%

Heat required for retorting 1 kg of oil shale 989.95 1kJ

Based on an in-depth investigation of thermal parameters, this study
establishes that increasing the hot air volume is the most critical pathway
for optimizing the retorting process, with its core mechanism being the
intensification of the oxidation and exothermic process of fixed carbon
in semi-coke. This finding illuminates the path for process innovation:
the implementation of oxygen-enriched retorting technology by actively
regulating the chemical composition of the inlet gas. By elevating the oxygen
concentration in the inlet stream while maintaining an appropriate gas volume,
the combustion reaction can be intensified more directly and efficiently, thereby
significantly enhancing the self-sustaining heating capacity of the retort.
Simulation results indicate that this technology has the potential to increase
the heat supply proportion of the process-generated gas beyond 59.288%,
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substantially reducing dependence on external heat sources such as circulating
carrier gas, and thereby opening a highly promising technological route for
energy conservation, consumption reduction, and efficiency enhancement in
oil shale retorting processes.

To advance oxygen-enriched retorting technology from concept to
industrial practice, future research should concentrate on several key directions.
The foremost priority is to systematically explore the effects of different
oxygen concentrations (e.g., 25-35%) on retorting thermal equilibrium,
product yield, and overall energy consumption, to identify the optimal
operational window for oxygen enrichment. Concurrently, it is essential to
elucidate the oxidation reaction kinetics of semi-coke under oxygen-enriched
conditions and its impact on heat transfer and product formation mechanisms
in the upper retorting zones, thereby providing a theoretical foundation for
process control. Finally, concerted efforts must be directed toward the system
integration and engineering development of this technology, including the
creation of coupling schemes with low-energy oxygen production processes,
investigation of precise temperature field control strategies in the reaction
zone under oxygen-enriched conditions, and comprehensive techno-economic
and environmental benefit assessments, ultimately ensuring the safe, stable,
and economical operation of this innovative process.

5. Conclusions

Mathematical models for the drying, retorting, reduction, and oxidation
sections of the oil shale retort have been developed, yielding a set of energy
balance equations for each section. Three typical parameters — hot air volume,
circulating hot recycle gas temperature, and oil shale interparticle porosity
— were analyzed through single-factor and multi-factor analyses. The aim was
to determine the factors most influencing the height of the oil shale retort and
to identify the optimal working conditions. Meanwhile, to improve accuracy,
CFD simulation technology was used to conduct simulation and comparison
between the factory working condition and the optimal working condition
selected by the orthogonal experiment.

1. A numerical heat transfer model for each section of the Fushun-type
retort has been established and its reliability verified. Subsequently, each
section of the retort was optimized using this model. When the retort
temperature is 520 °C, the recommended retort height is 13.4 m, with the
gasification, retorting, and drying sections being 4.2 m, 6.2 m, and 3.0 m
in height, respectively.

2. Orthogonal experimental analysis reveals that the factors influencing
retort height, in descending order of significance, are hot air volume, hot
recycle gas temperature, and porosity. Hot air volume plays a crucial role
in the retorting process.
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3. Based on the key finding that increasing the hot air volume optimizes
the retorting process by intensifying the oxidation of fixed carbon, this
study proposes an innovative strategy of oxygen-enriched retorting.
By elevating the oxygen concentration in the inlet gas, this approach is
expected to significantly enhance the system’s self-sustaining heating
capacity, thereby reducing reliance on external heat sources. Subsequent
research should focus on determining the optimal oxygen concentration
range, elucidating the associated reaction kinetics, and developing the
necessary integrated engineering systems to promote the safe and efficient
industrial application of this advanced retorting technology.
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Nomenclature
Symbol Connotation Unit

€ Specific heat capacity of the solid JTkg'eC!

P Density kg/m?

¢, Specific heat capacity of the gas at constant pressure TkgteC!

l Average temperature of the gas °C

T Time ]

v Velocity m/s
Ay Effective thermal conductivity of the gas Wm'°C!
Aoy Effective thermal conductivity of the solid Wm'eC!
h, p Convective heat transfer coefficient per unit area between W m=2°C!

the gas and the solid phases
t Average temperature of the solids °C
dp Particle diameter mm
; Thermal conductivity of the gas Wm'eC!
u Gas flow velocity ms™!
“, Dynamic viscosity of the gas Pas
¢gm.n Heat carried into the oxidation section by the gas mixture W
¢go_om Heat carried away from the oxidation section by the gas mixture W
Boin Heat carried into the oxidation section by the solids w
Dot Heat carried away from the oxidation section by the solids w
¢y Heat released by the oxidation reaction in the oxidation sections w
m,. Mass flow rate of the gas mixture in model section i—1 of kg s
the oxidation section

m,. Mass flow rate of the gas mixture in model section i of kg s
the oxidation section

Conis Constant-pressure specific heat capacity of the gas mixture Jkg'eC!
in model section i—1of the oxidation section

c Constant-pressure specific heat capacity of the gas mixture Jkg'eC!

in model section i of the oxidation section

Continued on the next page
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Continued
Symbol Connotation Unit
Cooiet Constant-pressure specific heat capacity of the solids JkgteC!
in model section i+1 of the oxidation section
c,; Constant-pressure specific heat capacity of the solids JTkg'eC!
in model section 7 of the oxidation section
Lopics Average temperature of the gas mixture in model section i—1 °C
of the oxidation section
Lo Average temperature of the gas mixture in model section i of °C
the oxidation section
I, Average temperature of the solids in model section i of °C
the reduction section
Lot Average temperature of the solids in model section i+1 of °C
the reduction section
h,, Heat transfer coefficient per unit area between the solids and W m2°C!
the gas mixture in model section 7 of the oxidation section
14 Heat transfer volume of the material layer in each model section m?
wirs | Mass flow rate of the solids in model section i+1 of kgs™
the oxidation section
m . Mass flow rate of the solids in model section i of the oxidation kg s™
section
¢g,<.,-,, Heat carried into the reduction section by the gas mixture w
¢gr_w . Heat carried away from the reduction section by the gas mixture w
B Heat carried into the reduction section by the solids w
B Heat carried away from the reduction section by the solids w
8, Heat absorbed by the reduction reaction in the reduction section W
m,., Mass flow rate of the gas mixture in model section j—1 of kg s
the reduction section
m, Mass flow rate of the gas mixture in model section j of kg s™!
the reduction section
Coris Constant-pressure specific heat capacity of the gas mixture in JTkg'eC!
' model section j—1of the reduction section
Cyns Constant-pressure specific heat capacity of the gas mixture in JTkg'eC!
model section j of the reduction section
Coivr Constant-pressure specific heat capacity of the solids in model JTkgteC!

section j+1 of the reduction section

Continued on the next page
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Continued
Symbol Connotation Unit
C, Constant-pressure specific heat capacity of the solids in model JkgteC!
section j of the reduction section
Lois Average temperature of the gas mixture in model section j—1 °C
of the reduction section
- Average temperature of the gas mixture in model section j °C
of the reduction section
- Average temperature of the solids in model section j °C
of the reduction section
i Average temperature of the solids in model section j+1 °C
of the reduction section
hw. Heat transfer coefficient per unit area between the solids and W m2°C!
‘ the gas mixture in model section ; of the reduction section
m., Mass flow rate of the solids in model section j+1 kg s
of the reduction section
m, Mass flow rate of the solids in model section ; of the reduction kg s!
section
B oroin Heat carried into the retorting section by the circulating heat- Y
carrying gas
@ . Heat carried into the retorting section by the gas mixture w
gt-in
¢gt_om Heat carried away from the retorting section by the gas mixture Y
Bin Heat carried into the retorting section by the solids w
Do Heat carried away from the retorting section by the solids w
é, Pyrolysis reaction heat in the retorting section w
¢g4 Heat consumed for retort gas to reach the gas mixture w
temperature in the retorting section
m,., | Mass flow rate of the gas mixture in model section i1 kg s
of the retorting section
m,, Mass flow rate of the gas mixture in model section & kg s
of the retorting section
Cors Constant—pressure specific heqt capaci.ty of the gas mixture in Jkg'eC!
model section &—1of the retorting section
Conk Constant-p.ressure specific heat capgcity of the gas mixture in JTkgteC!
model section £ of the retorting section
Corer Constant-pressure specific heat capacity of the solids in model JTkgteC!

section &+1 of the retorting section

Continued on the next page
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Continued
Symbol Connotation Unit
Cos Constant-pressure specific heat capacity of the solids in model JkgteC!
section £ of the retorting section
Loicr Average temperature of the gas mixture in model section -1 °C
of the retorting section
Lok Average temperature of the gas mixture in model section & °C
of the retorting section
Lok Average temperature of the solids in model section & °C
of the retorting section
lover Average temperature of the solids in model section £+1 °C
of the retorting section
h,, Heat transfer coefficient per unit area between the solids and W m2°C!
the gas mixture in model section k of the retorting section
m,, ., | Mass flow rate of the solids in model section k+1 kg s
of the retorting section
m,, Mass flow rate of the solids in model section k of the retorting kg s!
section
., Latent heat of moisture evaporation in the drying section Y
¢g in Heat carried into the drying section by the gas mixture w
¢gd’0m Heat carried away from the drying section by the gas mixture w
Bt Heat carried into the drying section by the solids Y
Dot Heat carried away from the drying section by the solids W
¢g—w Heat consumption for water vapor to reach the temperature w
of the mixed gas in the drying section
m, | Mass flow rate of the gas mixture in model section m—1 kg st
of the drying section
m,. Mass flow rate of the gas mixture in model section m kg s
of the drying section
Cotm 1 Constant-pressure specific heat capacity of the gas mixture in JkgteC!
model section m—1 of the drying section
Coim Constant-pressure specific heat capacity of the gas mixture in Jkg'eC!
model section m of the drying section
¢.,ms | Constant-pressure specific heat capacity of the solids in model JTkgteC!
section m+1 of the drying section
Cotm Constant-pressure specific heat capacity of the solids in model JTkgteC!
section m of the drying section

Continued on the next page
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Continued
Symbol Connotation Unit
; Average temperature of the gas mixture in model section m—1 oC
gdm-1 of the drying section
; Average temperature of the gas mixture in model section m oC
gdm of the drying section
; Average temperature of the solids in model section m oC
sdym of the drying section
p Average temperature of the solids in model section m+1 oC
sdm+l of the drying section
Heat transfer coefficient per unit area between the solids and o
h . . . . . Wm?2°C!
dm the gas mixture in model section m of the drying section
" Mass flow rate of the solids in model section m+1 of the Ko s !
sdm+l | retorting section £
. Mass flow rate of the solids in model section m of the retorting Ko s !
sd,m section &
. Mass flow rate of water vapor evaporated from the solids in Ko s !
w the drying section £
c Constant-pressure specific heat capacity of the water vapor Tke'oC
wm in model section m of the drying section J
p Initial average temperature of the water vapor in model section oC
an m of the drying section
c Vector comprising heat of the pyrolysis reaction and latent heat
of evaporation of water (does not include temperature variables)
N
t Vector comprising average temperatures of oil shale and gas in
each modeled section
Mass flow rate of gases generated by oxidative combustion in o
m . Sy . kgs
ya the oxidation section
Mass flow rate of gases generated by the water-gas reaction in o
m . . kgs
hall the reduction section
m Mass flow rate of hot recycle gas introduced into the retorting ke s
s section &
m, . Mass flow rate of retort gas generated in the retorting section kg s™!
vl Mass flow rate of water vapor generated in the drying section kg st
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Abstract. This study numerically investigates in situ oil shale exploitation
by superheated steam injection, emphasizing coupled thermo-hydraulic-
mechanical processes. An anisotropic multi-field model was developed to
evaluate how hydraulic fracture distribution and thermally activated weak
planes affect oil/gas recovery and energy return. Using conditions from
the Balikun deposit (Xinjiang), four cases were simulated (1-2 hydraulic
fractures, with/without weak-plane evolution). Weak-plane activation markedly
improves heating via alternating convection and conduction, expanding high-
temperature zones and achieving 90.5% oil recovery after 1000 days. Without
it, heating is limited (< 60% recovery) and production declines rapidly. Energy
return rates peak early (5.79—8.44) but decay without fracture evolution,
whereas activated weak planes sustain values > 5 for over a year. Doubling
initial fractures boosts recovery by 46% but only slightly improves energy
efficiency due to higher steam consumption.

Keywords: oil shale, numerical simulation, superheated steam, energy return
rate, fracture network.

* Corresponding author, huangxudong@tyut.edu.cn

© 2026 Authors. This is an Open Access article distributed under the terms and conditions of the
Creative Commons Attribution 4.0 International License CC BY 4.0 (http://creativecommons.
org/licenses/by/4.0).


http://creativecommons.org/licenses/by/4.0
http://creativecommons.org/licenses/by/4.0

198 Jianzheng Su et al.

1. Introduction

Oil shale, a sedimentary rock rich in immature organic matter, serves as a
critical supplementary energy resource to conventional fossil fuels due to its
vast global reserves [1, 2]. Under high-temperature conditions, the organic
kerogen within oil shale undergoes pyrolysis to produce shale oil and gas.
However, conventional mining methods (e.g., underground or open-pit mining)
are economically unfeasible for deeply buried oil shale deposits due to low
energy density and high extraction costs [3]. Consequently, in situ exploitation
has emerged as a promising strategy for mid-to-deep oil shale development.
Among existing techniques, the MTI (Mining Technology Institute) method,
pioneered by Zhao et al. [4], employs superheated steam as a heat carrier to
thermally decompose kerogen while simultaneously transporting pyrolyzed
products to the ground. This method involves three key steps: (1) drilling wells
in target areas, (2) hydraulic fracturing to establish interconnected fracture
networks as initial steam channels, and (3) injecting superheated steam to
initiate and sustain pyrolysis.

The in situ steam injection process involves complex thermo-hydro-
mechanical-chemical (THMC) coupling effects. Steam injection alters the per-
meability and mechanical properties of oil shale through thermal expansion,
pore pressure changes, and anisotropic deformation [5]. These dynamic inter-
actions, in turn, influence steam flow, heat transfer efficiency, and hydrocarbon
recovery rates, ultimately determining the economic viability of the process.
While laboratory experiments have provided valuable insights into temperature-
dependent properties such as density [6 , 7], permeability [8, 9], and thermal
conductivity [9-11], replicating in situ multi-field coupling conditions
remains challenging. Field trials, though critical, are cost-prohibitive and lack
repeatability, underscoring the need for cost-effective numerical simulations to
bridge this gap [13, 14].

Prior studies have focused predominantly on temporal-spatial variations
in temperature, seepage, and stress fields during in situ heating. For instance,
Kang et al. [14] developed a coupled thermo-hydraulic-mechanical (THM)
model to analyze anisotropic heat transfer and deformation in oil shale.
Wang et al. [15] further incorporated temperature-dependent anisotropy in
thermal conductivity and permeability, revealing how directional hetero-
geneity affects heating efficiency. Recent advancements include comparative
analyses of heating methods (e.g., electromagnetic, microwave, and steam
injection) [16—18] and sustainable energy integration [19]. However, existing
research largely neglects critical economic metrics such as energy return rate
(ERR) and hydrocarbon recovery efficiency, limiting their practical relevance
[20-22].

To address this gap, this study integrates temperature-dependent porosity,
fracture connectivity, and anisotropic permeability into a THM-coupled
numerical model. Using the geological conditions of Xinjiang’s Balikun
oil shale deposit as a reference, we investigate how hydraulic fracture
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configurations and thermally activated weak planes influence hydrocarbon
recovery, ERR, and operational longevity. By coupling experimental data
with multi-physics simulations, this work provides actionable strategies for
optimizing in situ oil shale exploitation, balancing technical performance with
economic feasibility.

2. Establishment of THM coupling mathematical model and
determination of initial/boundary conditions

2.1. Fundamental assumptions

In situ steam injection for oil shale extraction involves complex physico-
chemical processes. To balance computational tractability while preserving
the essential physics of in situ thermal recovery, the following simplifying
assumptions are adopted:

(1) Continuum medium approximation: The oil shale formation and its
overburden/underburden strata are treated as statistically homogeneous
continua at the engineering scale. Macroscopic physical-mechanical pa-
rameters (e.g., permeability, elastic modulus) are employed directly, with
microscale discontinuities (induced by temperature, external loads, or pore
pressure) represented implicitly through the statistical evolution of these
parameters.

(2) Darcy’s law for fluid flow: Fluid motion under local pressure gradients
obeys Darcy’s law:

=_k
a=-twp, (1)

where ¢ is volumetric flux (m/s), k& is permeability (m?), x is dynamic viscosity
(Pa-s), and Vp denotes the hydraulic gradient.

(3) Negligible interfacial tension: Multiphase interfacial tension effects
among water, steam, and kerogen pyrolysis products within fractures/pores
are disregarded.

(4) Coupled hydrocarbon transport: Pyrolysis-derived hydrocarbons are
assumed to migrate advectively with steam/condensate, with their independent
transport behavior neglected due to trace concentrations.

(5) Instantaneous kerogen pyrolysis: Organic matter pyrolysis is considered
complete upon reaching the threshold temperature, ignoring reaction kinetics
and activation energy. This simplification is justified as the measured specific
heat capacity of oil shale (which inherently includes kerogen) already
incorporates the energy required for pyrolysis across temperature variations.

(6) Transversely isotropic porous media: The oil shale and its mudstone
cap/base layers exhibit transverse isotropy in their poroelastic properties.

(7) Local thermal equilibrium: The timescale of heat exchange between
pore fluids and the solid matrix is assumed negligible, permitting the use of
a local thermal equilibrium equation for conductive—convective heat transfer.
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2.2. THM coupling mathematical model

(1) Solid deformation equation
According to Salimzadeh et al. [23], the deformation field of saturated
porous media satisfies the following differential equation:

div(D(e — &) —apl — B,K(T —T)H)I) + F =0, 2)

where D is the stiffness matrix (see Table 1 for the meanings of all symbols
used in Equations (2)—(10)). For anisotropic conditions, D is expressed as:

Cy Cp (3 0 00
Cp, €1 Ci3 0 0 O
C13 C13 C33 0 0 0
D= v o0 0 Cu O 0 | 3)
00 0 0 Gy 0
000 0 o 1t

2

where:
€= Epar(Eper_ Evfzer r
CS3 = Eper(l - V1213r r

C12 =E par(E perv12)ar +E parvfjer)r

{Ci3 = EparEpeerar(l + Vpar, r “4)
Coa= Gper
Cee = Gpar

1

(1+Vpar){(1—Vpar)Epar—Z\’éerEpar}

(2) Energy conservation equation
Based on Wang et al. [24], the heat transfer process during in situ thermal
recovery of oil shale can be described by the following equations:

(PCedett 3y + P11 " VT = div(AeVT) = 0, (5)
(pce) = d)plcpl + (1 - d))pscpsa (6)
Aesr = (1 — PIAs + DA (7

The thermal conductivity tensor is given by:

As—par 0 0
7\5 = 0 )\s—par 0 . (8)
0 0 As—per
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(3) Mass conservation equation
According to Salimzadeh et al. [23], fluid flow in porous media satisfies
the following mass conservation equation:

[k _a(diva) a _ ar
div <m (Vp + ng)) =a——+ G-~ PPfr - ©)
The permeability tensor of oil shale is expressed as follows:
kpar 0 0
k=| 0 Ky O | (10)
0 0 kper
Table 1. Meanings of symbols
Symbol Meaning Symbol Meaning
D Stiffness matrix I Second-order identity tensor
o Biot coefficient )4 Fluid pressure
i Thermal expansion T Initial temperature of the
s coefficient of oil shale 0 domain
K Bulk modulus of oil shale F Body force component
matrix matrix
E Elastic modulus parallel to E Elastic modulus
par bedding plane per perpendicular to bedding plane
v Poisson’s ratio parallel to v Poisson’s ratio perpendicular
par bedding plane per to bedding plane
P Density of heated fluid C, Speflg;fegegif;pamty of
q Velocity of heated fluid T Temperature
. . Specific heat capacity of
P, Density of oil shale Cps heated oil shale
2 Thermal conductivity tensor 2 Thermal conductivity tensor
s of oil shale ! of heated fluid
Thermal conductivity of oil Thermal conductivity of oil
+—oar shale parallel to bedding plane o shale perpendicular to bedding
" plane
K Permeability tensor of oil Dynamic viscosity of heated
shale # fluid
u Deformation of oil shale g Gravitational acceleration
. . Compressibility coefficient
@ Porosity of oil shale Cp of heated fluid

Continued on the next page



202 Jianzheng Su et al.

Table 1. Continued

Symbol Meaning Symbol Meaning

Permeability of oil shale

Volumetric expansion . .
Pr coefficient of heated fluid Ky parallel to se;l)lg;::tary bedding

Permeability of oil shale . .
. . Equivalent specific heat
k,, perpendicular to sedimentary C, capacit
bedding plane pactty

As demonstrated by Wang et al. [25], oil shale exhibits significant
permeability anisotropy. The permeability of oil shale in different directions
under varying temperature conditions can be obtained through the following
fitting equations:

0 (20 < T < 450°C)

kper = 2.46 X 1072°T + 1.081 x 107*7(450 < T < 550 °C) ,(11)
—2457 x 107#'T% 4 2.805 x 107*8T 4 7.868 x 107*¢(550 < T < 600 °C)

b = {—4.539 x 10722T2 4 2.036 x 1071°T — 5.419 x 10~'8(20 < T < 350 °C) (12)
par 1.759 X 1072°T2 — 1.212 x 107Y7T + 2 x 10715(350 < T < 600°C)

The coupled THM mechanism of in situ thermal recovery of oil shale
involves significant interactions among physical parameters. Based on
extensive previous research, this study summarizes the theoretical and
empirical formulas for key physical parameters in in situ thermal recovery
of oil shale as functions of temperature, pore pressure, and time, as presented
below:

px107°

pg = 2272.7
T+273
pw = (0.9967 — 4.615 x 10~°T — 3.063 x 107°T2) x 10°
ptg = (0.36T +88.37) x 1077

1743-1.8T —
= () g
47.7T+759

C = —0.0001T3 + 0.0948T2 — 27.103T + 9246.8

Cw = 0.0165T2 — 1.4878T + 4207.4 . (13)
Ag =10 % 107873 — 4.0 x 107°T2 + 0.0006T + 0.0078

Aw=—1.26x1075T% + 2,56 X 1073T + 0.5513
ps =—8.0x107°T3 —9.0 x 107°T% + 0.0018T + 2.0919

¢ = —5.0 X 1077T3 + 0.0005T2 — 0.1028T + 7.2611
As_per = 1176 x 1076T% — 0.00285T + 1.9381

Ag_par = 4.563 X 10772 — 0.00119T + 0.7581
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The aforementioned permeability fitting equations were derived from
intact oil shale specimens and do not account for the enhanced heating effect
caused by thermally induced fractures along bedding planes during steam
injection. However, thermal fracturing in oil shale under steam stimulation
primarily occurs along bedding planes, thereby improving permeability
only in the parallel direction. Therefore, in this numerical simulation,
the permeability perpendicular to bedding planes adopts the results from
Wang et al. [25], while the permeability parallel to bedding planes is modified
based on previous studies [26], as detailed below.

The permeability of oil shale parallel to bedding planes is primarily
influenced by the density and aperture of interconnected fractures. At room
temperature, oil shale is highly compact and intact, exhibiting extremely low
permeability. However, at the meter scale, pre-existing fractures may exist due
to diagenetic and geological processes, providing initial pathways for high-
temperature steam during the early heating stage. Thus, it is assumed that
the initial hydraulic fractures, propped by supporting agents, maintain high
permeability (on the order of 1072 to 10~' m?). The solid matrix is assumed
to remain fracture-free below 350 °C, with its permeability determined by
Wang et al. [25]. For newly formed interconnected fractures above 350 °C,
permeability data from reference [27] are adopted. All permeability data are
imported into the COMSOL Multiphysics software in the form of interpolation
functions, as illustrated in Figure 1.
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Fig. 1. Variation curve of oil shale permeability with temperature considering fracture
evolution [27].
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2.3. Establishment of the physical-geometric model

This study is primarily based on the occurrence conditions of oil shale in
Barkol, Xinjiang, as the engineering background. Therefore, the physical-
geometric model for numerical simulation is established according to the
burial conditions of oil shale in Barkol. The average total thickness of the
oil shale in Barkol is approximately 42.58 m, comprising about 22 oil shale
layers with an average oil yield of 6.52%, while locally, the oil yield can
exceed 10%. The burial depth of oil shale in this mining area ranges from the
surface to 500 m underground, and the shallowly buried oil shale resources
are currently being exploited via open-pit mining. The oil shale layers in this
region exhibit a gentle occurrence, with a dip angle generally around 3°, though
locally reaching up to 60°. The roof and floor strata of the oil shale layers are
predominantly silty mudstone or mudstone, which are weakly aquiferous and
act as aquicludes. The arid climate, absence of perennial surface water, and
simple hydrogeological conditions in the mining area are favorable for the
industrial practice of in situ steam injection for oil shale exploitation.

Based on the above considerations, the physical-geometric model for
numerical simulation is simplified as follows:

(1) The dip angle of the oil shale layer is assumed to be 0°, i.e., a horizontal
stratum.

(2) The depth from the surface to the top of the oil shale layer is 200 m,
with a layer thickness of 40 m.

(3) The roof and floor strata are weakly aquiferous aquicludes with
extremely low permeability, and no aquifers are present above or below the
oil shale layer.

(4) Anine-well arrangement is adopted for the exploitation zone, consisting
of one central steam injection well surrounded by eight production wells, as
illustrated in Figure 2. The spacing between adjacent wells is 60 m. For nu-
merical simulation, only a quarter of the model is considered, containing one
injection well and three production wells located at the vertices of the model.

Research by Wang et al. [15] indicates that during in situ steam injection
for oil shale exploitation, a fracture spacing of 20 m in the oil shale reservoir
yields optimal heating efficiency and economic benefits. Given the assumed
oil shale layer thickness of 40 m in this study, only cases with one and two
hydraulic fractures are considered. For a single fracture, it is located at the
mid-height of the oil shale layer. For two fractures, the upper fracture is 10 m
below the roof, and the lower fracture is 10 m above the floor, with a vertical
spacing of 20 m between them, both aligned along the bedding plane.

Furthermore, according to the findings in [27], when high-temperature
steam is injected to heat oil shale, under a steam injection-to-production well
spacing of 25 cm, the spacing of thermally induced fractures connecting the
injection and production wells along the bedding plane is approximately 1 cm.
Thus, it is assumed that the ratio of fracture spacing to well spacing under
steam heating conditions is 1:25. Consequently, for a well spacing of 60 m,
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Fig. 2. Nine-well arrangement system for the in situ pyrolysis process of oil shale [27].

the spacing of thermally induced fractures should be 2.4 m. Therefore, this
study assumes that weak planes are distributed every 2.5 m along the bed-
ding plane in the oil shale layer. These weak planes remain closed at low
temperatures (below 350 °C), exhibiting the same permeability as the solid
matrix. When the temperature exceeds 350 °C, these weak planes evolve into
interconnected fractures along the bedding plane. Once fractures form, they
create new steam channels, allowing high-temperature steam to penetrate and
further expand the heated zone. For comparison, cases without weak planes in
the oil shale layer are also investigated. Table 2 summarizes the fracture and
weak plane distributions for the four models studied.

The assumptions regarding weak plane spacing and extension distance in
this study are extrapolated linearly from the results of [28]. The rationale for
these assumptions is briefly explained as follows. Figure 3 shows oil shale core
samples obtained via drilling in the Barkol oil shale mining area. Core analysis
reveals abundant fractures and weak planes within the oil shale layers, with
some intervals even containing large fracture zones. These fractures or weak
planes are often associated with iron oxides, resulting in lower cementation
strength. The cores obtained from drilling tend to break along these fractures
or weak planes, which exhibit a wide range of scales, from micrometers to
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meters. Figure 4 schematically illustrates the relationship between temperature
field distribution and fracture development under steam heating. Initially,
steam flows only along the initial fractures, heating the surrounding rock.
Thermal fracturing of the heated rock generates new steam channels, further
expanding the heating range. Thus, the assumptions regarding weak plane and
fracture evolution in this study are reasonable.

Itis important to note that the 2.5 m spacing is a conceptual model parameter
derived from a linear extrapolation of laboratory-scale findings (1 cm fracture
spacing under 25 cm well spacing [28]) to the field-scale well spacing of 60 m.
While this provides a computationally tractable and mechanistically plausible
representation of fracture network evolution, we acknowledge its inherent
limitations. The actual spacing of natural weak planes and thermally induced
fractures in a real reservoir is likely heterogeneous and influenced by in situ
stress fields and geological discontinuities that are not fully captured in this
model. Consequently, the absolute values of recovery and energy efficiency
may be sensitive to variations in this assumed spacing. However, the primary
conclusion of this study — that the activation of weak planes significantly
enhances heating efficiency and recovery compared to models without them
—is expected to hold qualitatively. Future work should include a systematic
sensitivity analysis on this parameter once more field data becomes available
to better constrain its range.

Table 2. Fracture distribution and weak surface distribution of different models

Model Number _of Con31derat19n of Remarks
No hydraulic | weak planes in the

fractures oil shale layer

The hydraulic fracture is located at the mid-depth of
Model 1 1 No the oil shale layer, aligned along the bedding plane and
connecting the injection and production wells.

The hydraulic fracture is positioned at the mid-depth
of the oil shale layer, following the bedding plane
orientation and linking the injection and production
Model 2 1 Yes wells. Weak planes are distributed every 2.5 m along
the sedimentary bedding plane; these planes evolve
into interconnected fractures between wells when the
formation temperature exceeds 300 °C.

The upper hydraulic fracture is 10 m below the roof
of the oil shale layer, while the lower fracture is 10 m
Model 3 2 No above the floor. These two fractures are spaced 20 m
apart and both follow the bedding plane to connect
the injection and production wells.

The upper hydraulic fracture is 10 m below the roof,
and the lower fracture is 10 m above the floor, with 20 m
vertical spacing. Both fractures are bedding-aligned and
connect the wells. Weak planes (spaced 2.5 m along
bedding) thermally evolve into conductive fractures at
temperatures >300 °C.

Model 4 2 Yes
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Fig. 3. Oil shale samples obtained by drilling.
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Fig. 4. Convection—conduction compound efficient heating mode for in situ exploita-
tion of oil shale by superheated steam injection.
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2.4. Determination of initial and boundary conditions for numerical
simulation

Temperature field initial and boundary conditions: For numerical calculations
in this study, the initial formation temperature is assumed to be 25 °C, while
the temperature at the oil shale layer position in the injection well is set at
600 °C. The wellbore insulation is assumed to be effective, making all other
boundaries free boundary conditions.

Solid deformation field initial and boundary conditions: The physical
model’s upper boundary is located 200 m below the surface. Therefore, a stress
boundary condition of 5 MPa is applied to the top surface in the downward
direction. The bottom (z = 0), left (y =0), and back (x =0) boundaries are
fixed displacement boundaries with W =0, V=0, and U = 0, respectively,
where U, V, and W represent displacements in the x, y, and z directions. Stress
boundary conditions of 6 + yz MPa are applied to the surfaces where x and y
equal 50 m, with directions as shown in Figure 5.

Seepage field initial and boundary conditions: The initial pore pressure
in both the oil shale reservoir and cap rocks is assumed to be 0.1 MPa.
The injection pressure at the oil shale layer section of the injection well is
3 MPa, while the production well pressure in the same section is 0.1 MPa.

Production
well

well

ProductionT
}H ¥ Roof
strata

y=6MPa+yz

Oil shale

Hydrofracture

Floor strata

},_c crx=61\«ﬂ’a+yz 7
ke ks ke mhee 2 b I f
W =0 =

Fig. 5. Boundary conditions of numerical simulation (based on Model 1).
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The wellbores are assumed to have excellent cementing conditions except in
the oil shale layer section, meaning the internal fluid pressure has no effect on
the surrounding rock’s pore pressure.

Boundary conditions on symmetry planes: The numerical model utilizes
a quarter-symmetry domain to simulate the full nine-well pattern, as shown
in Figure 5. To accurately represent the symmetry of the full system, specific
boundary conditions are applied to the symmetry planes (the planes at x =0
and y = 0):

. Solid deformation field: These planes are defined as roller boundaries.
This is implemented by constraining the normal displacement to
zero; specifically, the displacement component U is set to zero on the
symmetry plane at x = 0, and the displacement component V is set to
zero on the symmetry plane at y = 0. This prevents motion across the
symmetry planes while allowing for tangential deformation.

. Seepage field: The same symmetry planes are treated as impermeable
(no-flux) boundaries. This condition ensures that no fluid flow
occurs across these planes, which is physically consistent with the
symmetry of the full well pattern, where these planes represent lines
of symmetry in the flow field.

2.5. Calculation methods for recovery rate and energy return rate

According to the literature [29], the residual organic matter content in oil
shale after heating by high-temperature steam at different temperatures shows
good consistency with the thermogravimetric (TG) curve. Specifically, the
residual organic matter content decreases with increasing temperature, and the
temperature range of rapid organic matter reduction corresponds to the rapid
mass loss range observed in TG experiments. CT observations reveal minimal
residual organic matter above 550 °C, with no significant further reduction at
higher temperatures. TG experiments also show markedly slower mass loss
rates above 550 °C. Therefore, this study assumes that all mass loss in TG
experiments represents conversion to oil/gas products, and temperatures above
550 °C indicate complete pyrolysis with 100% resource recovery. Based on
these assumptions, the recovery rate (R,) is calculated as follows:

N (1-n(1))da
Rp = —8——— 14
P, -n(s50) an (14
where #(T) represents the oil shale TG curve. The mass loss is equated to oil/
gas product mass, excluding effects from moisture evaporation. To minimize
calculation errors, TG data from literature [29] are directly imported into
COMSOL Multiphysics as interpolation functions (Fig. 6).
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Fig. 6. Thermogravimetric curve of oil shale.

It is crucial to clarify the spatial context of the recovery calculation.
The volume integrals in Equation (14) are computed over the entire quarter-
symmetry numerical domain () established in Section 2.3 and illustrated
in Figure 5. This domain contains one injection well and three production
wells at its vertices, representing a symmetrical quarter of the full nine-well
pattern. The recovery factor R, thus calculated (e.g., the reported 90.5% for
Model 4) represents the recovery efficiency achieved within this quarter-
domain. The symmetric boundary conditions (zero normal displacement
and zero fluid flux) applied at the symmetry planes (x =0 and y = 0) ensure
that the thermo-hydraulic-mechanical processes within this quarter-domain
are representative of the processes occurring in the entire multi-well system.
Therefore, the recovery factor from the quarter-domain is directly applicable
to and representative of the performance of the full well pattern.

Previous numerical studies on in situ oil shale development primarily
focused on the spatiotemporal evolution of temperature, seepage, and defor-
mation fields, with some examining production characteristics. However, such
limited focus provides inadequate guidance for industrial practice, which must
consider economic viability. Without economic analysis, production-focused
conclusions can be misleading. For energy development, the ERR serves as
an effective economic indicator. This study therefore proposes key technical
parameters based on R, analysis.
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The ERR is calculated as follows:

Thermal energy of oil/gas products (1 5)

>

ERR =

Injected thermal energy

where the calorific value (Ep) of oil and gas products is calculated as 40 MJ/kg.
This value is adopted as a representative weighted-average calorific value
for the mixture of shale oil and pyrolysis gas generated from oil shale.
The injected energy considers only the thermal energy carried by steam
entering the oil shale layer through perforated pipes, excluding surface boiler
and pipeline losses. The detailed formula is the following:

Epps fﬂﬂ (1_77(7))‘19

ERR = T X
Jo Qgpi(T)Cy(T)dt

(16)
where Q is the steam injection rate (m’/s), p (T) is the high-temperature
fluid density (kg/m?) at temperature 7, and C|(7) is the specific heat capacity
(J/(kg-°C)) of steam at temperature 7.

3. Findings and discussion

3.1. Distribution and evolution of the reservoir temperature field during
in situ steam injection for oil shale extraction

During in situ steam injection for oil shale extraction, the spatiotemporal
distribution characteristics of temperature directly influence key parameters
and technical indicators such as the permeability of the oil shale formation, oil
recovery rate, and energy return rate. Table 3 presents the temperature field
distribution of the oil shale formation for different models at various heating
durations.

As shown in Table 3, during the initial heating stage, due to the extremely
low permeability of the oil shale formation, a cylindrical high-temperature
zone forms only near the steam injection well. Simultaneously, high-tem-
perature steam flows through the initial fracture channels created by hydraulic
fracturing, entering the interior of the oil shale formation and migrating
toward the production well, forming a flattened high-temperature zone along
the fracture paths. At one month of heating, the temperature field distributions
of Models 1 and 2 are identical, while those of Models 3 and 4 are also
nearly identical. This is because, in the early heating stage, high-temperature
steam can only flow toward the production well through the initial hydraulic
fractures. The surrounding rock adjacent to the fractures remains at a relatively
low temperature, which is insufficient to induce the opening of weak planes
in the oil shale formation to form interconnected steam channels between
the injection and production wells.

As heating progresses, significant differences in temperature field
distribution emerge among the models. Models 1 and 3 do not account for
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the evolution of weak planes in the formation. Consequently, with prolonged
heating, the high-temperature zone around the steam injection section expands
annularly along the bedding planes of the oil shale, while the surrounding
rock near the fractures continues to heat up via conduction. However, the
expansion distance of the high-temperature zone remains limited due to the
low thermal conductivity of oil shale, which hinders efficient large-scale
heating through conduction alone. A comparison between Models 1 and 3
reveals that increasing the number of hydraulic fractures enhances heating
efficiency, even without considering the influence of weak planes.

Table 3. Temperature distribution at different heating times

Time Model 1 Model 2 Model 3 Model 4

30d

°C

600

500

365d

400

300

730d

100

1000
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In contrast, Models 2 and 4 incorporate the influence of weak planes
evolving into interconnected fractures on steam flow, resulting in fundamen-
tally different temperature field distributions compared to Models 1 and 3.
Under this condition, while high-temperature steam flows through the initial
hydraulic fractures, the surrounding rock adjacent to the fractures is also
heated. As the temperature of the surrounding rock rises and exceeds the
thermal cracking threshold of oil shale (above 350 °C), fractures preferentially
initiate along weak planes, forming bedding-parallel fractures. Once these
newly formed fractures fully connect the injection and production wells,
high-temperature steam enters the oil shale formation through these new
pathways. At this stage, the heating mechanism transitions from conductive
heating to convective steam heating along the newly formed fractures. Since
convective heating is significantly faster than conduction, the temperature of
the oil shale near the new fractures rises rapidly. Consequently, the flattened
high-temperature zone expands perpendicular to the bedding planes. This
alternating convection—conduction heating process facilitates rapid heating of
the oil shale formation. A comparison between Models 2 and 4 demonstrates
that increasing the number of hydraulic fractures accelerates heating.

Wang et al. [24] proposed constructing two 0.5 m-thick hydraulic
fracture zones in the oil shale formation to serve as initial pathways for high-
temperature steam. These zones exhibit high permeability, allowing steam to
rapidly establish high-temperature regions and conductively heat the adjacent
rock above and below. Simultaneously, as the temperature of the oil shale
formation increases due to steam heating, the permeability of non-fractured
regions improves, enabling steam to penetrate further and enhance heating.
While this method achieves effective heating, creating thick fracture zones
via hydraulic fracturing is challenging in practice. Unlike Wang’s model,
the proposed Models 3 and 4 feature two discrete fractures rather than thick
zones, better reflecting real-world engineering conditions. Moreover, when
accounting for weak plane evolution (Model 4), heating efficiency and oil
recovery rates comparable to Wang’s model can be achieved.

Figure 7 illustrates the temperature distribution in the oil shale formation
at the production well (located 60 m from the injection well) under different
heating durations. The results demonstrate significant variations in heating
efficiency among the models despite identical well configurations, injection
temperatures, and gas pressures.

Model 1 assumes only a single hydraulic fracture and no thermally
activated weak planes that could evolve into interconnected fractures linking
the injection and production wells. As shown in Figure 7(a), even after
2.5 years of heating, temperatures exceeding 600 °C were confined to the
immediate vicinity of the hydraulic fracture. The surrounding rock exhibited
a rapid thermal decline, dropping below 100 °C within 10 m of the fracture.

Model 2 incorporates the influence of weak planes evolving into permeable
fracture networks. Figure 7(b) reveals that thermally activated weak planes
significantly enhance heating efficiency, enabling a broad region of the oil
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shale formation to reach pyrolysis temperatures. After 2.5 years, a 16-m-long
high-temperature zone (> 500 °C) centered on the hydraulic fracture developed
at the production well.

Model 3 disregards weak plane evolution but includes an additional
hydraulic fracture. A comparison between Figure 7(a) and (c) indicates that
dual fractures markedly expand the heated area. Initially, steam heats the rock
adjacent to each fracture, with the inter-fracture zone gradually warming over
time. By 2.5 years, the midpoint between the fractures reached 222 °C.

Model 4 combines dual fractures with weak plane activation. Figure 7(d)
shows that early-stage heating was initially restricted to the fracture vicinity
(258 °C at one month). However, after six months, the high-temperature zone
expanded vertically, and by two years, the inter-fracture region homogenized
at ~600 °C.

Notably, the transition from high-temperature (>500 °C) to low-temper-
ature (<100 °C) zones remained within 20 m throughout the heating process.
This phenomenon arises from the strong temperature dependence of oil shale
permeability — high-temperature regions exhibit permeabilities 3—4 orders
of magnitude greater than those of low-temperature zones. The resulting
preferential steam flow into high-permeability areas further amplifies the
thermal contrast. Low-permeability zones rely solely on conductive heating,
which is inefficient due to oil shale’s low thermal conductivity. This sharp
thermal gradient forms a natural “thermal barrier” [30], minimizing heat loss
and improving energy efficiency.

The “thermal barrier” is not a physical structure but a dynamic thermo-
hydraulic phenomenon that arises from the coupling between localized
convective heating within the fracture network and slow conductive heating
of the intact oil shale matrix. Its formation can be attributed to three primary
factors: (1) the inherently low thermal conductivity of oil shale, which restricts
conductive heat spread; (2) the channelized flow of superheated steam, which
creates a high-temperature zone bounded by the connected fracture pathways
between injection and production wells; and (3) the sharp permeability
contrast between this inner, fractured zone and the outer, intact rock mass,
which prevents steam from penetrating beyond the active flow region.
Consequently, the periphery of the heated zone relies solely on slow thermal
conduction, resulting in a steep temperature decline that acts as an insulating
layer. This mechanism is crucial for long-term energy efficiency, as it confines
the injected thermal energy to the target production volume, thereby reducing
parasitic heat loss to the surrounding formation and significantly enhancing
the overall energy utilization ratio of the in situ conversion process.

However, once conductive heating raises low-temperature zones suffi-
ciently to induce thermal fracturing, steam rapidly penetrates and heats these
regions, converting them into high-permeability pathways. This dynamic
process enables the progressive transformation of low-temperature zones into
thermally productive areas.
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3.2. Variation patterns of R, and R, with heating time

Hydrocarbon production and oil yield are critical process parameters for
in situ thermal recovery of oil shale. Figure 8 illustrates the cumulative
and daily hydrocarbon production curves of different models as a function
of heating time. The results indicate that, under identical well patterns,
well spacing, injection temperatures, and steam pressures, the hydrocarbon
production trends of the models exhibit distinct characteristics.

Model 1 contains only a single hydraulic fracture and does not account for
the influence of thermally induced weak-plane evolution into interconnected
fractures on steam flow. As shown in Figure 8(a), during the initial heating
stage, Model 1 achieves an average daily production of 36.92t. This is
attributed to the rapid heating of the oil shale adjacent to the fracture by high-
temperature steam. However, as heating progresses, daily production declines
sharply, dropping to 18.95t by day 200 and further to below 14.6t after
500 days. Cumulative production reaches 3053 t within the first 100 days,
10054 t by day 500, and 16231 t by day 1000, with a continuously decreasing
growth rate. This phenomenon arises because the permeability of the rock
surrounding the injection well increases due to thermal stimulation, creating
a high-temperature zone. However, the absence of additional large-scale steam
pathways restricts heat transfer primarily to conduction near the fracture,
limiting the expansion of the heated region.

Model 3, which incorporates an additional hydraulic fracture, exhibits
a similar trend but significantly higher production. The initial daily production
reaches 59.3 t, declining to 28.57t by day 200 and below 19.08t after
500 days. By day 1000, cumulative production reaches 23 428 t, surpassing
that of Model 1 in both daily and cumulative output.

Models 2 and 4 consider the evolution of weak planes into interconnected
fractures under thermal stress, resulting in more complex production dynamics.
Initially, the presence of hydraulic fractures leads to high daily production
(33.10 t for Model 2 and 55.24 t for Model 4), which decreases by day 100
(19.47 t and 33.13t, respectively) as pyrolysis near the initial fractures
completes and new fracture networks develop. By day 200, thermally induced
fractures form, allowing steam to penetrate deeper regions and temporarily
boosting production. This cyclic process sustains relatively high production
levels over extended periods, which is advantageous for industrial operations.
However, after 600 days, production declines as a high-permeability thermal
zone develops between wells, diverting steam flow and reducing the
contribution of newly formed fractures.
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(c) Model 3
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Figure 9 presents the variation curves of oil yield with heating time for
different models. As shown in Figure 9, when the heating duration is within
200 days, the differences in oil yield among the various models remain
relatively small, all below 20%. However, when the heating time exceeds
200 days, significant discrepancies in oil yield begin to emerge.

For Model 1, the oil yield increases gradually with prolonged heating time,
reaching only 34.5% after 100 days. The differences between Models 2 and 3
remain minimal throughout the heating process. Model 2 contains only one
hydraulic fracture but accounts for the influence of thermally induced weak
plane evolution into interconnected fractures on vapor flow, whereas Model 3
incorporates two hydraulic fractures without considering weak plane effects.
The minor difference in oil yield between Models 2 and 3 indicates that both
models achieve essentially identical volumes of pyrolyzed zones after heating.

In Model 2, the weak planes have not yet developed into interconnected
fractures between the injection and production wells during the initial heating
stage, while Model 3 benefits from two pre-existing hydraulic fractures
serving as vapor flow channels. This configuration results in Model 3
exhibiting slightly higher oil yield than Model 2 during early heating stages.
However, after 400 days of heating, Model 2 surpasses Model 1 in oil yield.
Notably, none of Models 1, 2, or 3 achieve 60% oil yield even after 1000 days
of heating, indicating suboptimal utilization of oil shale resources.
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In contrast, Model 4 maintains a high growth rate in oil yield during
the first two years of heating, reaching 81.7% at the two-year mark and
achieving 90.5% after 1000 days. The substantial improvement in oil yield
achieved by Model 4 (which differs from Model 2 only by one additional
hydraulic fracture) demonstrates that appropriately increasing the number of
initial fracture channels through staged fracturing can significantly enhance
both oil/gas production and recovery efficiency during in situ oil shale thermal
recovery operations.

3.3. Temporal variation of energy return rate in in situ steam injection
for oil shale recovery

For the industrial-scale exploitation of oil shale, if a particular in situ
extraction method fails to achieve favorable economic benefits, large-scale
industrial application becomes unfeasible. This study employs the ERR as
an indicator to evaluate the economic viability of in situ steam injection for
oil shale recovery. Figure 10 illustrates the variation of the ERR with heating
time under four different models.

As shown in Figure 10, when steam is used as the heat-carrying medium,
a high ERR can be achieved in the early stages of heating, whereas Shell’s
electrical heating technology requires a prolonged preheating period before
oil production begins. This indicates that steam heating technology can deliver
economic benefits at an earlier stage.
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The ERR trends vary significantly among the different models. Models 1
and 3 do not account for the influence of thermally induced weak planes
evolving into interconnected fractures on steam flow. In these models, the ERR
peaks shortly after heating begins, reaching 5.79 and 8.44, respectively.
However, as heating continues, the ERR gradually declines. This is because,
in the initial phase, the pre-existing hydraulic fractures provide pathways for
steam flow, allowing rapid heating and pyrolysis of oil shale near the fractures,
thereby enhancing hydrocarbon production. Over time, the oil shale adjacent
to the fractures is fully pyrolyzed, while regions farther away lack efficient
steam channels, relying solely on slow thermal conduction. Consequently,
hydrocarbon production decreases, leading to a continuous decline in the ERR.

Although Model 3 incorporates an additional hydraulic fracture compared
to Model 1, its peak ERR is only 1.46 times that of Model 1. This is because,
under identical well configurations, injection temperatures, and steam pressures,
increasing the number of fractures also raises steam flow rates (as shown in
Figure 11), thereby increasing energy input. As a result, the ERR does not
improve proportionally with the number of fractures.

Models 2 and 4 consider the evolution of weak planes into interconnected
fractures under thermal effects, with the only difference being that Model 2
has one hydraulic fracture while Model 4 has two. The ERR trends for
these two models exhibit high similarity. Within the first year of heating,
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the ERR fluctuates significantly. These fluctuations occur because newly
formed fractures connecting the injection and production wells allow high-
temperature steam to rapidly penetrate and heat adjacent oil shale, leading to
transient increases in the ERR as pyrolysis occurs. This cyclic process results
in oscillatory behavior in the ERR. After one year, the ERR for both models
begins to decline steadily without further fluctuations.

Considering the construction, operation, and maintenance costs of the entire
extraction system, this study defines an ERR threshold of 5 for economically
viable production. Models 1, 2, 3, and 4 fall below this threshold after 60, 740,
228, and 794 days of heating, respectively. The addition of a second fracture
in Model 3 extends the viable production period by 168 days compared to
Model 1, demonstrating that increasing fracture density can prolong production
when thermal fracture evolution is negligible. However, Model 4 shows only
marginal improvement over Model 2, indicating that when thermally activated
fractures dominate flow pathways, the influence of additional hydraulic
fractures on the ERR becomes negligible. Nevertheless, as seen in Figure 9,
the number of fractures significantly impacts oil recovery efficiency.

4. Conclusions

This study investigates the spatiotemporal evolution of temperature fields
during in situ steam injection for oil shale exploitation based on an anisotropic
THM (thermo-hydro-mechanical) coupled mathematical model, while analyz-
ing the variations in oil/gas production, oil recovery rate, and energy return
rate with heating duration. The key findings are summarized as follows:

1. The evolution of thermally activated fractures from pre-existing weak
planes plays a pivotal role in enhancing heating efficiency during in situ
steam injection. These fractures facilitate alternating convection—
conduction heating modes, enabling vertical expansion of high-
temperature zones and achieving 90.5% oil recovery after 1000 days.
In contrast, models relying solely on initial hydraulic fractures exhibit
limited heating (<60% recovery) due to restricted steam pathways.

2. Daily oil/gas production declines rapidly in models without fracture
evolution (e.g., from 36.92 t/d to 14.6 t/d in Model 1), whereas models
incorporating weak plane activation sustain higher yields by forming new
steam flow channels. Notably, doubling hydraulic fractures (Model 3
vs. Model 1) improves cumulative production by 44%, highlighting the
importance of initial fracture design.

3. Energy return rates (ERR) demonstrate divergent trends: models exclud-
ing fracture evolution exhibit early peaks (ERR = 5.79-8.44) followed
by exponential decay, while models with weak plane activation maintain
ERR >5 for over a year. However, doubling hydraulic fractures only
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marginally increases peak ERR (1.46x), emphasizing the trade-off
between steam input and recovery gains.

4. Field applications should prioritize hydraulic fracturing to create inter-
connected fracture networks while leveraging natural weak planes to
maximize convective heating. This dual strategy optimizes both technical
performance (recovery >90%) and economic viability (sustained ERR),
offering a scalable solution for deep oil shale exploitation.
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Abstract. Derivatization of the kerogen backbone changes its chemical
reactivity profile. In this study, kukersite kerogen was methylated with dimethyl
carbonate. The substance was analyzed before and after processing by Fourier
transform infrared spectroscopy, *C cross-polarization/magic angle spinning
nuclear magnetic resonance spectroscopy, and elemental analysis. It was
observed that kukersite kerogen can be readily methylated with dimethyl
carbonate. Based on mass balance and the Lille-Blokker model, an average
of 19 methyl groups were added to the kerogen unit. It was concluded that
about half of the hydroxyl groups in Estonian kukersite kerogen are ‘free” and
accessible to methylation.

Keywords: kukersite, kerogen, methylation, hydroxyl group, dimethyl
carbonate, FTIR, NMR.

1. Introduction

Kukersite is a sedimentary rock found in northern Estonia that contains about
30-50% of organic matter called kerogen [1, 2]. Throughout the 20th century,
kukersite was mainly used for energy production through combustion and for
oil extraction via thermal cracking [3]. However, it is now widely accepted
that the traditional uses of oil shale have exhausted their potential and fail to
meet contemporary environmental and efficiency standards. Instead, kukersite
could be used as a versatile source of organic matter and various chemical
structures.

* Corresponding author, kristi.rouk@taltech.ee

© 2026 Authors. This is an Open Access article distributed under the terms and conditions of the
Creative Commons Attribution 4.0 International License CC BY 4.0 (http://creativecommons.
org/licenses/by/4.0).


http://creativecommons.org/licenses/by/4.0
http://creativecommons.org/licenses/by/4.0

Methylation of kukersite kerogen 229

It is generally accepted that Estonian kukersite, formed during the
Ordovician period over 450 million years ago, originates from colonies of
Gloeocapsomorpha prisca which were rich in resorcinolic units [4]. Building
on this, Lille proposed in 1999 that the resorcinolic units form the structural
backbone of kukersite kerogen [5]. Two structural models of kerogen have
since been independently proposed by Blokker et al. [6] and Lille et al. [1, 7].
More recently, a new model based on the Lille model was developed by
Chu et al. (here Lille-Chu model) [8] and a generalized Lille—Blokker model,
which integrates elements of both original frameworks, was proposed by our
group [9]. However, the number of free hydroxyl groups per kerogen unit
is not exactly defined in any of these models. The content of free hydroxyl
groups is 24% in the Blokker model [6], 43% in the Lille model [1, 7], 47% in
the Lille-Chu model [8], and 50% in the generalized Lille—-Blokker model [9].
Yet, the hydroxyl group is a crucial functionality that strongly influences the
chemical properties and reactivity of kukersite kerogen. Thus, the information
regarding the amount of free hydroxyl groups in kukersite is essential.

Such knowledge may be obtained through the chemical alteration of
kerogen, examined in a recent review [10]. However, few papers investigate
the chemical reactions of kukersite kerogen systematically. In contrast, this
topic has been extensively studied in lignin, a wood-derived biopolymer
[11-13], and other natural materials [14—16]. Given the structural similarities
between lignin and kerogen, such as shared functional groups and low
solubility [17, 18], lignin studies may offer valuable insights for kerogen
derivatization.

Alkylation, particularly methylation, is one of the most common chemical
reactions for protecting hydroxyl groups. This has been extensively studied

P

!

S
P Ork _bMC H OH DMC_ |~
m 90°C 120°C
’DID R H -
A

Fig. 1. Treating kerogen with dimethyl carbonate (DMC) could result in
methoxycarbonylation at 90 °C and methylation at 120 °C or higher [25].
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in lignin, employing methylating agents such as alkyl halides [19], dimethyl
sulfate [20], trimethyl phosphate [21], and dimethyl carbonate [22, 23]. How-
ever, only one attempt to alkylate kukersite kerogen has been reported [24].

In this paper, we present our work on the methylation of kerogen using
an eco-friendly methylating agent, dimethyl carbonate (DMC). DMC has
dual reactivity: at 90 °C, it methoxycarbonylates hydroxyl groups, whereas
at 120 °C and above, methylation occurs [25]. Kukersite was subjected to
both reaction conditions (see Fig. 1). The resulting derivatized kerogen was
analyzed by using Fourier transform infrared spectroscopy (FTIR), *C cross-
polarization/magic angle spinning nuclear magnetic resonance spectroscopy
(*C CP MAS NMR), and elemental analysis. The number of free hydroxyl
groups in a kerogen fragment was quantitatively estimated based on the Lille—
Blokker model.

2. Materials and methods

2.1. Materials

All experiments were carried out on kukersite kerogen concentrate powder
(91.3% kerogen content, particle size >45 um), obtained from the Oil
Shale Competence Center in Kohtla-Jarve, Estonia. The material was dried
at 105 °C to constant mass before use. Additional details regarding the
preparation method of the kerogen concentrate are available in an article
previously published by our research group [26]. All other chemicals were
used as purchased without any further treatment or purification.

2.2. Experimental procedures

2.2.1. Methylation of kerogen: general procedure

The methylation method of Sen etal. [22] was applied with slight modifications.

The reactions were carried out in a 100 mL pressure reactor (stainless
steel 4566C, Parr Instrument Company, Moline, 11, USA).

To the reactor with 1.0 g of kerogen and solid 0.5 g of NaOH (12.5 mmol),
25 mL of DMC (297.8 mmol) was added. The reactor was heated to 200 °C
under a nitrogen atmosphere while stirring at 250 rpm. The reaction time was
measured from the moment the temperature reached 190 °C. After a defined
reaction time (5 h and 24 h), the reactor was cooled to room temperature,
depressurized, and the liquid phase was separated by centrifugation. To the
remaining solid phase, 50 mL of a 1:2 acetone—water mixture was added, and
the mixture was centrifuged. This washing step was repeated three times until
the pH reached 67, and the solid was dried to constant mass.
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2.2.2. Methylation of kerogen: quantitative procedure

To the reactor with 1.000 g of kerogen and 0.5 g of NaOH (12.5 mmol),
25 mL of DMC (297.8 mmol) was added. The reaction mixture was heated to
200 °C under a nitrogen atmosphere while stirring at 250 rpm for 24 h. Then
the reactor was cooled to room temperature, depressurized, and the phases
were separated by centrifugation. The liquid phase was orange-brown in color.
It was suggested that the kerogen slightly degraded at 200 °C and the resulting
organic matter leached to the liquid phase.

The solid phase was washed with 4 x 15 mL DMC and separated by
centrifugation. The combined liquid phases were concentrated to yield 33.2 mg
of dark brown oil. The solid phase was further washed with 4 x 50 mL of
distilled water, until the pH reached 6-7, and separated by centrifugation.
To minimize the loss of methylated product, the liquid phase was additionally
filtered when necessary. The obtained solid mass and the oily mass from DMC
extraction were combined and dried to constant mass on a rotary evaporator,
yielding 1.043 g of methylated kerogen.

2.2.3. Methoxycarbonylation of kerogen

To the pressure reactor with 1.0 g of kerogen and 0.5 g of NaOH (12.5 mmol),
25 mL of DMC (297.8 mmol) was added. The reaction mixture was heated to
90 °C under a nitrogen atmosphere while stirring at 250 rpm for 24 h. Then
the reactor was cooled to room temperature and depressurized. The reaction
mixture was filtered, and the obtained solid was sequentially washed with
distilled water, ethanol, and diethyl ether. Finally, it was dried under vacuum
to constant mass.

2.3. Analytical methods

The FTIR spectra were recorded on an IRTracer-100 FTIR spectrophotometer
(Shimadzu, Japan). Transmission spectra (KBr pellets with kerogen 100:1)
were measured in the range 4004000 cm! with a resolution of 2 cm™! by
accumulating 30 scans. The same parameters were used in attenuated total
reflectance mode.

BC CP MAS NMR spectra were recorded on a Bruker AVANCE-II
spectrometer at a 14.1 T magnetic field using a home-built double resonance
magic-angle-spinning probe for 4 x 25 mm SiN, rotors. The spinning speed
of the sample was set to 12.5 kHz with an ordinary cross-polarization (CP)
pulse sequence, where the duration of the ramped polarization transfer
pulse was 2 ms, and the relaxation delay between the excitations was 5 s.
The intensities in the spectra were normalized to the weight of the sample and
to the number of accumulations.

The CHNS elemental analysis was conducted with an Elementar vario
MICRO cube.
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3. Results and discussion

3.1. FTIR spectra

FTIR spectra of the kukersite kerogen concentrate powder were recorded using
both transmission and attenuated total reflectance (ATR) modes. The obtained
spectra were similar and closely resembled those reported by Derenne et al.
[27, 28] and Blokker et al. [6]. Although the ATR technique yields weaker
signals, it was selected for subsequent measurements due to its simplicity
and lower sensitivity to moisture, which enables more accurate monitoring of
changes in hydroxyl peak intensity.

Methylated kerogen was prepared according to the general procedure.
FTIR spectra were recorded for samples of initial kerogen (a), and methylated
kerogen from 5 h (b) and 24 h (c) reactions (Fig. 2). Considerable differences
were observed in the spectra of the methylated samples compared to the initial
kerogen. Most importantly, in spectrum (b), the characteristic absorption band
at 3400 cm™!, corresponding to hydroxyl groups, had significantly diminished.
Additionally, a decrease in the bands at 1350 cm™ and 1020 cm™ was observed,
further confirming the loss of hydroxyl groups. A new band at 1265 cm™,
attributed to the newly formed phenyl methyl ether bonds, was also noted.
In addition, a symmetric C-H stretching band characteristic of methoxy

| (a) Initial kerogen
(b) 5 h methylated kerogen
1(c) 24 h methylated kerogen
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Fig. 2. ATR-FTIR spectra of Estonian kukersite kerogen concentrate measured before,
after 5 h, and after 24 h of methylation.
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groups at 2840-2820 cm™ and an aliphatic C-O stretching band at 1050-
1010 cm™ were expected [29]. However, those bands were likely masked by
the relatively more intense bands of the kerogen structure. Similarly, the band
at 1705 cm™, corresponding to carboxyl and carbonyl groups, had slightly
decreased in both spectra, and new bands appeared in the 1735 cm™ and
1195 cm™ regions, which may correspond to the formation of aliphatic esters.
These changes were even more pronounced in spectrum (c).

Titration data reported by Aarna and Lippmaa [24] suggest that one
kerogen “molecule” contains ~0.8 carboxyl groups. Therefore, the ester
bands may correspond to the esterified native carboxyl groups. However, the
methoxycarbonylation of kerogen could also account for these absorption
bands. This theory was tested in a separate experiment, further discussed
in the next paragraph. Another possible explanation for the appearance of
these bands is degradation of the kerogen structure, which may lead to side
reactions and the formation of methyl esters. While rapid kerogen degradation
typically occurs at 320-340 °C, it can begin as early as 170-180 °C — well
below our reaction temperature of 200 °C [30-32]. Indeed, the liquid phase
of the reaction mixture had an orange-brown hue and, upon concentration,
produced a small amount of brown, oily substance — likely resulting from
degradation — which was not analyzed further. Beyond this observation, no
further evidence of degradation was detected, suggesting that although some
pyrolysis occurred, its extent was minimal and did not have a significant effect
on the results. It may be concluded that ATR-FTIR is a simple and convenient
method to track the methylation of kerogen and qualitatively estimate the
depth of the process.

3.2. 3C CP MAS NMR spectra

BC CPMAS NMR spectra were recorded for both the initial Estonian kukersite
kerogen concentrate and the 5 h and 24 h methylated samples (Fig. 3). It was
observed that the spectra of the native Estonian kukersite kerogen resemble
those reported by Derenne et al. [27] and Lille et al. [7]. Numerous signals
were observed in the region of aliphatic carbon, with a maximum at 30 ppm.
The signals at 75 ppm correspond to various non-aromatic carbons adjacent
to oxygen atoms, such as oxy-methylene, oxy-methine, and oxy-quaternary
carbons. In the region of aromatic carbons, a peak observed at 109 ppm is
attributed to the carbons within an aromatic ring adjacent to an oxygen-
bearing carbon. The peak at 141 ppm is assigned to aromatic carbons at
branching, while the peak at 156 ppm is assigned to carbons within aromatic
rings bearing oxygen substituents. The peak at 208 ppm belongs to carbonyl
carbons. The asterisks denote the spinning sidebands from the main peaks at
156 and 141 ppm.

The integral number of aliphatic carbons accounts for 74% of the total
carbon content, leaving 26% to aromatic carbons, with resorcinols as the main
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Fig. 3. BC CP MAS NMR spectra of Estonian kukersite kerogen before and after
methylation.

aromatics in kerogen. The latter value is slightly higher than the estimate
previously reported by Aarna and Lippmaa (19%) [24] and comparable to that
of Lille et al. (24%) [33].

The spectra of 5 h and 24 h methylated kerogen show several changes
compared to initial kerogen, which can be traced by calculating and comparing
the chemical shifts for simple molecule models (Fig. 4). In the region of
aliphatic carbons, three new peaks were observed at 51.1, 55.3, and 60.5 ppm,
which should belong to the newly formed methoxy groups. Namely, the peak at
51.1 ppm may be assigned to methylated aliphatic and non-hindered aromatic
carboxyl groups, and the peaks at 55.3 and 60.5 ppm to the methylated
resorcinolic hydroxyl groups. Specifically, the peak at 55.3 ppm corresponds
to sterically unhindered methoxy groups, whereas the peak at 60.5 ppm arises
from methoxy groups that are sterically hindered due to ortho-disubstitution
on the aromatic ring.

In the region of aromatic carbons, we noticed that the peak at 104 ppm had
grown, while the peak at 109 ppm had diminished. In addition, a new shoulder
for the peak at 156 ppm, denoting methoxy-substituted aromatic carbons, had
appeared at 159 ppm. Both changes can be attributed to the changes in the
chemical environment brought on by the added methyl groups. The peak at
173 ppm, initially assigned to carboxyl carbons, had also grown, possibly due
to the formation of esters.

The 24 h methylated kerogen spectrum shows the same changes that were
observed for 5 h methylated kerogen; however, the peaks are slightly more
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Fig. 4. Calculated chemical shifts of phenols and methylated phenols.

developed. This is a strong indication that the reaction has almost completed
within 5 h and matured within 24 h. The NMR spectra also confirm the
methylation of kerogen and indicate that both resorcinolic and acidic hydroxyl
groups were methylated.

To elucidate the appearance of the methyl ester signals in both IR and
NMR spectra, the possibility of kerogen methoxycarbonylation with dimethyl
carbonate was investigated. In the product obtained after 24 h of heating at
90 °C, almost no changes were observed in the FTIR spectrum. The expected
bands at 1750-1730 cm™! and 12801240 cm™! [34, 35] did not appear, and
only a slight decrease of the hydroxyl band was observed. Similarly, the
characteristic peaks of the methoxycarbonylated product at 157 and 55 ppm
were absent from the NMR spectrum. The main changes observed were two
sharp peaks at 172.1 and 167.7 ppm, along with a small bump at ~180 ppm,
which could not be attributed to methoxycarbonylation.

The obtained results suggest that the methoxycarbonylation reaction
proceeds only to a very small extent, if at all.

3.3. Elemental analysis

The elemental composition of the initial Estonian kukersite kerogen
concentrate aligned relatively well with our previous measurements [26]
as well as previously published results [36]. The elemental compositions
of both the native and the methylated kerogens treated for 5 h and 24 h are
presented in Table 1.
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Table 1. Elemental composition of both native and methylated kerogens after 5 h and
24 h of treatment

N, % C,% H, % S, %
Native kerogen* 0.30+0.01 66.42 +0.21 8.03+£0.09 1.41+0.07
5 h methylated kerogen* 0.22+0.01 67.78+0.02 | 8.08 +0.05 1.35+0.10

24 h methylated kerogen®* | 0.25+0.01 71.03 £0.08 8.49 +£0.01 0.97 £0.02

* Mean value of three measurements.

Compared to the elemental composition of the initial kerogen, the carbon
and hydrogen contents of the 5 h methylated kerogen were markedly higher.
The carbon content had increased by 1.36%, while the hydrogen content had
increased by 0.05%. In the 24 h methylated kerogen sample, the carbon and
hydrogen contents had increased even more, by 4.61% and 0.46%, respectively.
These results are consistent with the changes we expected to occur during
methylation.

3.4. Calculation of the number of hydroxyl groups in a kerogen molecule
— comparison of the different kerogen structural models

Based on the assumption that the reaction had completed in 24 h, it is possible
to calculate the number of hydroxyl groups per “molecule” of kerogen.
However, all existing models — the Lille model [7], the Blokker model [6],
the Lille-Chu model [8], and the Lille-Blokker model [9] — assign slightly
different molecular masses to the kerogen “molecule”: 6581 Da, 5312 Da,
5131 Da, and 5650 Da, respectively.

We obtained 1.043 g of methylated product from 1.000 g of starting
material. The starting material, with a kerogen content of 91.3%, contained
0.913 g of organic matter and 0.087 g of inorganic matter. Assuming that
the latter is inert, the treated sample contains 0.956 g of methylated kerogen.
The added methyl groups (actual added mass of CH,) have a molar mass of
14.027 g/mol. Thus, as shown in equation (1), the amount of added methyl
groups is 3.044 mmol. The amount of initial kerogen, calculated using the
molecular mass assigned by the Lille-Blokker model, is 0.162 mmol, and the
number of methyl groups added to one kerogen “molecule” is 19.

s = TCHy 0.956g — 0913 g
CHs ™ Mcy,  (1x12.011 +2 x 1.008) g/mol

x 1000 = 3.044mmol (1)

Similar calculations using the Lille, Blokker, and Lille—Chu models result
in 22, 18, and 19 hydroxyl groups per kerogen “molecule,” respectively
(Table 2).
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Table 2. Quantification of free hydroxyl groups: model vs. experimental

Empirical formula

Free hydroxyl
groups counted
from the model

Free hydroxyl
groups calculated
from methylation

data for the model

Blokker model C, H,,0,, 8 18
Lille model C,,H0,.S,CIN 19 22
Lille-Chu model C,His O, S,.CIN 20 19
Lille-Blokker model C,,Hy,NO, S, 16 19

These results show that all four models slightly underestimate the number
of free hydroxyl groups in kerogen. Moreover, approximately half of the
oxygen atoms in the kerogen “molecule” are accessible to methylation. Given
that there is only ~1 carboxyl group present per kerogen “molecule,” its
contribution to methyl group consumption is minimal. The content of “free”
hydroxyl groups is quite well represented in the Lille, Lille-Chu, and Lille—
Blokker models.

4. Conclusions

In this paper, we have demonstrated that kukersite kerogen can be readily and
almost quantitatively methylated using dimethyl carbonate, an environmentally
benign methylating agent. No evidence of relevant side reactions, namely
methoxycarbonylation, was observed. The study also revealed that all existing
structural models of kukersite kerogen might slightly underestimate the
amount of free hydroxyl groups in kerogen. Our experiments showed that
free hydroxyl groups account for nearly half of the oxygen atoms present in a
kerogen “molecule.” This selective methylation reaction of kerogen hydroxyl
groups paves the way for further studies of other derivatization reactions and
potential applications of kukersite derivatives in future valorization efforts.
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