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H I G H L I G H T S  G R A P H I C A L  A B S T R A C T  

• Eulerian–Lagrangian CFD solver devel
oped for plastic pyrolysis in fluidized 
bed reactors. 

• Lumped kinetics and particle-scale heat 
transfer integrated for product yield 
prediction. 

• Baseline modeling framework for plastic 
pyrolysis in fluidized bed reactors. 

• Stronger thermal inhomogeneity during 
the first 10 s for batch-wise feeding. 

• Similar final product selectivity for both 
batch-wise and continuous feeding. 
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A B S T R A C T

Numerical simulations were conducted to study the pyrolysis of polypropylene (PP) in a fluidized bed reactor 
(FBR). For that purpose, a Eulerian–Lagrangian solver was developed, incorporating the gas–solid hydrody
namics in FBR, particle-level heat transfer, and a five-lump pyrolysis reaction kinetic model. This framework 
captures the mutual interplay among these physicochemical processes and enables predicting the yields of 
permanent gas (G), light fraction (LF), and heavy fraction (HF). Analysis of the characteristic timescales confirms 
that the pyrolysis reaction is significantly slower than convective heat transfer. At 505 ◦C, LF was the dominant 
product (67.4 wt%), followed by G (29.6 wt%) and HF (3 wt%), and the product distribution significantly shifted 
toward G formation with increasing reactor temperature. In contrast, variations in particle size (1.5–2.5 mm) and 
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operation mode (batch-wise vs. continuous) affected the transient thermal behavior but had minor effects on 
product yields, as heat transfer is not rate-determining under the investigated conditions.

1. Introduction

Due to the widespread use of plastics, global plastic waste generation 
has risen sharply. In 2019, approximately 353 Mt of plastic waste was 
generated worldwide, with roughly 70 % either landfilled or incinerated, 
and around 20 % leaking into the environment due to improper man
agement, causing severe environmental issues such as microplastic 
pollution (OECD, 2022). While mechanical recycling is more effective for 
pure plastic waste, chemical recycling enables the treatment of mixed and 
contaminated plastic waste. Among the current chemical-recycling 
technologies, pyrolysis offers the best balance between investment cost, 
operating cost and product quality compared to gasification and hydro
thermal liquefaction (Dai et al., 2022; Dogu et al., 2021). Moreover, 
because of superior heat transfer characteristics, fluidized bed reactors 
(FBR) have been widely employed in plastic pyrolysis research.

During the pyrolysis process, plastic waste is decomposed in a high- 
temperature, oxygen-free environment into shorter-chain molecules 
through a free-radical mechanism. The typical products include per
manent gas (C1 – C4), pyrolysis oil with a wide carbon-number distri
bution (up to approximately C35), and, depending on the feedstock, 
possible solid residues. Owing to its chemical similarity to crude-oil- 
derived feedstocks, pyrolysis oil has strong potential as a surrogate 
feedstock in chemical processes such as steam cracking, where it can be 
further converted into light olefins for producing new plastics (Kusen
berg et al., 2022). Therefore, predicting and optimizing product yields, 
e.g. increasing the fraction of light paraffin within the naphtha range to 
meet the requirements of the steam-cracking industry, constitute key 
objectives in experimental investigations.

The experimental investigation of plastic pyrolysis began in the 
1950s (Madorsky, 1952, 1953), with fundamental insights initially ob
tained from milligram-scale laboratory experiments. Bockhorn et al. 
studied the degradation behavior of polyethylene (PE), polypropylene 
(PP) (Bockhorn, Hornung, Hornung, et al., 1999), and polyvinyl chloride 
(PVC) (Bockhorn, Hornung, & Hornung, 1999) using thermogravimetric 
analysis (TGA) and a gradient-free reactor, where global kinetic pa
rameters were determined, and, through the integration of an online 
mass spectrometer (MS), detailed insights into product yields were 
achieved. To advance toward industrial application, larger-scale re
actors at the kilogram scale were subsequently employed, among which 
FBRs and conical spouted bed reactors (CSBRs) were most widely used. 
Kaminsky et al. (2004) reported the pyrolysis of polymethyl methacry
late (PMMA) in a FBR, achieving a monomer yield exceeding 98 %. 
Another polymer suitable for monomer recovery is polystyrene (PS) 
(Merkel et al., 2023). Artetxe et al. (2015) performed pyrolysis of PS in a 
CSBR and obtained up to 70.5 wt% styrene. However, when polyolefins 
are used as feedstock, the resulting products are typically mixtures of 
gas, liquid, and wax with a broad carbon-number distribution (C1 – 
C30+), which cannot be directly reused without further upgrading 
(Elordi et al., 2011). To increase the yield of light olefins (monomers), 
catalytic pyrolysis has been widely investigated, with catalysts applied 
either in-situ within the reactors (Donaj et al., 2012; Netsch et al., 2023) 
or ex-situ in a downstream fixed bed (Artetxe et al., 2012). However, 
catalyst deactivation remains a major challenge. Consequently, a more 
practical approach is to employ pyrolysis oil as an alternative feedstock 
for steam cracking. The key issue that still needs to be addressed is the 
higher olefin and aromatic content, along with a broader boiling range 
compared with petroleum-derived feedstocks (Kusenberg et al., 2022). 
Besides these developments, the operation mode emerged as another 
key parameter for industrial viability, involving a shift from batch-wise 
to continuous feeding to achieve higher throughput. Elordi et al. (2009)
reported the continuous catalytic pyrolysis of high-density polyethylene 

(HDPE) in a CSBR at 1 kg/h. Demonstrating further scaling, Kaminsky 
(2021) reported FBRs capable of processing up to 50 kg/h plastic waste.

However, current experimental research remains largely limited to 
laboratory or pilot-scale. During scale-up, many interactions exhibit 
strong nonlinear behavior, making experimental exploration alone 
impractical and prohibitively expensive. Consequently, numerical 
simulation serves as an effective and economical tool to reveal under
lying mechanisms and guide process optimization. Zhang et al. (2025)
conducted particle-resolved computational fluid dynamic (CFD) simu
lations of HDPE particles with different shapes and sizes. They found 
that cylindrical particles exposed to longitudinal flow degraded more 
slowly than spherical ones, and that for particles larger than 4 mm, the 
thermally-thin assumption was no longer valid. The same research 
group (Zhang, Dai, et al., 2026) also employed full 3D Euler
ian–Lagrangian simulations to systematically analyze the hydrody
namics of conical spouted beds. Mazloum and co-workers (Mazloum 
et al., 2021) simulated the heat transfer and melting behavior of plastics 
using the finite element method, where the melting effect was incor
porated by adding the enthalpy of fusion to the heat capacity. The results 
showed good agreement with experimental data. Ding et al. (2020)
performed a CFD simulation of solid-waste pyrolysis (primarily con
sisting of plastics and biomass) using an Eulerian–Eulerian approach, in 
which plastic degradation was represented by a single-step kinetic 
model. Similarly, De la Flor-Barriga and Rodríguez-Zú~niga (2022)
simulated the catalytic pyrolysis of HDPE in a two-dimensional FBR 
using an Eulerian–Eulerian approach, but incorporating a multistep ki
netic scheme. Shen et al. (2024, 2025) performed a CFD–DEM simula
tion of HDPE pyrolysis in an FBR, integrating a neural network-inspired 
kinetic model, in which the pyrolysis process was divided into 
melt-phase and gas-phase reactions. The simulation results showed good 
agreement with experimental measurements.

As discussed above, most CFD simulations of plastic pyrolysis uti
lized the Eulerian–Eulerian approach, which cannot resolve particle- 
scale phenomena or examine their influence on product yields. More
over, no simulation studies have compared the differences between 
batch-wise and continuous feeding. In this work, a Eulerian–Lagrangian 
CFD solver has been developed, which incorporates gas–solid multi
phase flow, particle-level heat transfer, and a five-lump reaction kinetic 
model, enabling the prediction of product yields from plastic pyrolysis. 
The model has been applied to simulate a laboratory-scale FBR designed 
for plastic pyrolysis. Its predicted hydrodynamic behavior is first 
analyzed, followed by a detailed investigation of the pyrolysis process. 
Furthermore, the effects of reactor temperature, plastic particle size, and 
operation mode on product yields are systematically investigated, 
providing insights and guidance for process optimization.

2. Model description

The pyrolysis of plastics in an FBR involves complex physicochemical 
processes from the molecular to the reactor scale, as illustrated in Fig. 1. 
Plastic particles are fed into a preheated reactor at room temperature, 
where they undergo intensive collisions with (preheated) inert particles. 
Gas flowing through the particle bed supplies thermal and kinetic energy 
to the system, and the resulting gas–particle hydrodynamic interactions 
promote heat transfer through conduction, convection, and radiation. As 
the plastic particles heat up, intraparticle temperature gradients may 
develop due to their low thermal conductivity. At high enough tem
peratures, the plastic particles soften (in the case of amorphous plastics) 
or melt (for semi-crystalline polymers), forming a sticky, non- 
Newtonian fluid. At higher temperatures, pyrolysis reactions occur via 
a free-radical mechanism, in which backbone C–C bonds undergo 
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random scission, H-abstraction and β-scission reactions, generating 
volatile short-chain molecules. These volatile species are subsequently 
released into the gas phase, carried upward by the fluidizing medium, 
and are ultimately condensed and collected as products. Secondary gas- 
phase reactions should also be considered at sufficiently long gas resi
dence times.

In this work, a Eulerian–Lagrangian solver, incorporating four-way 
coupling, was employed to simulate the gas–solid multiphase flow. In 
the Eulerian–Lagrangian framework, the gas phase is treated as a con
tinuum (Eulerian phase), while the solid phase is represented by discrete 
(Lagrangian) particles. Transport equations for mass, momentum, en
ergy and species are solved for both phases, which are coupled through 
interphase source terms. The OpenFOAM solver coal

MPPICChemistryBuoyancyFoam (Tavakkol et al., 2021) was modi
fied to incorporate the newly developed submodels for interparticle 
collision forces, convective heat transfer, and reaction kinetics. The 
melting process has not been considered due to the lack of modeling 
approach for this effect. The plastic particles are tracked with the 
Lagrangian method, assuming a homogeneous temperature. The po
tential impact of neglecting the melting and intraparticle heat transfer 
will be discussed in Section 4.3.

2.1. Governing equations for the gas phase

In the Eulerian–Lagrangian approach, the gas phase dynamics are 
described by the transport equations for mass, momentum, energy, and 
species (Alobaid et al., 2022). The current model adopted the standard 
solver coalChemistryFoam in OpenFOAM to include four-way 
coupling and plastic pyrolysis kinetics. The point-particle approxima
tion from the original solver is kept, which neglects the fluid volume 
displaced by particles in the Eulerian equations (ϵ ≈ 1). Discussion on 
the impacts of this adoption is detailed in Section 4.3.

2.1.1. Conservation of mass and momentum
The continuity and momentum equations for the variable-density gas 

phase are given by 

∂ρg

∂t
+∇⋅(ρgUg) = Sρ; (1) 

∂(ρgUg)

∂t
+∇⋅(ρgUgUg) = − ∇p + ρg +∇⋅τ + SU ; (2) 

where ρg, Ug, and p are the density, velocity, and pressure of the gas 
phase, respectively. Sρ is the mass source term from the particle phase 
(devolatilization). SU represents the momentum exchange source term, 
primarily composed of the drag force exerted by the particles on the gas. 
The detailed representation of each source term in Eqs. (1)–(4) will be 
shown in Section 2.2. The stress tensor ∇ ⋅ τ describes viscous forces 
acting on the fluid.

2.1.2. Energy transport
The transport of energy is derived based on the sensible enthalpy (hs) 

of the system 

∂
(
ρghs

)

∂t
+∇⋅

(
ρgUghs

)
+

∂
(
ρgK

)

∂t
+∇⋅

(
ρgUgK

)

=
∂p
∂t

+∇⋅
(
λg∇Tg

)
+ ρgUg⋅g + _q + Sh;

(3) 

where K = 1
2|Ug|

2 is the specific kinetic energy, λg is the thermal con
ductivity of the gas phase, and _q is the heat source from gas-phase re
actions. Furthermore, Sh is the heat exchange with the particle phase.

2.1.3. Species transport
The gas phase consists of the inert fluidizing medium and the 

released volatile species, with the conservation equation for each gas- 
phase species i given by 

∂(ρgYi)

∂t
+∇⋅(ρgUgYi) − ∇⋅(ρg D ∇Yi) = Si

Y + ri
g; (4) 

where Yi is the mass fraction of species i and ri
g its reaction rate in the gas 

phase, which is neglected here because the gas residence time is much 
shorter than the characteristic timescale of gas-phase reactions at 
around 500 ◦C (for reference, less than a 30 % compositional change 
occurs at 750 ◦C within a gas residence time of 4 s (van Wyk et al., 
2026)). Si

Y represents the contribution from particle-phase devolatili
zation, which is formed from the particle-phase primary pyrolysis 

Fig. 1. Pyrolysis of plastics in FBRs.
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reaction. The details of the (particle-phase) reaction kinetics are pre
sented in Section 2.3.

2.2. Governing equations of the particle phase

In contrast to the Eulerian gas phase, the particle phase is treated in a 
Lagrangian framework, where each computational parcel represents a 
group of particles and evolves according to a set of ordinary differential 
equations. Sand and plastic particles are defined within the same 
Lagrangian phase, with the (inert) sand and (active) plastic particles 
share same submodels expect for pyrolysis reactions.

To clearly distinguish the different particle types and their respective 
components, the following notation is adopted throughout this work: 
subscripts denote the phase and identity of the material, where p refers to 
the Lagrangian particle phase, further specified as p, sand for sand par
ticles and p, pl for plastic particles, while g denotes the Eulerian gas phase.

2.2.1. Mass balance
As mentioned at the beginning of Section 2, the mass of plastic 

particles mp,pl decreases during pyrolysis due to devolatilization, gov
erned by 

dmp;pl

dt
= −

∑

i∈V
ri

dev; (5) 

where ri
dev is the devolatilization rate of volatile component i, and V is 

the set of all volatile species. As will be explained in Section 2.3, the 
volatile components are assumed to be immediately released into the gas 
phase upon their formation, which means that their devolatilization rate 
ri
dev is identical to the formation rate ri. Therefore, Eq. (5) can be 

rewritten as 

dmp;pl

dt
= −

∑

i∈V
ri

dev = −
∑

i∈V
ri: (6) 

This mass loss serves as the mass source Sρ in the Eulerian gas-phase 
continuity equation (Eq. (1)). By averaging the contributions from all Np, 

pl particles within a computational cell of volume Vcell, we obtain 

Sρ =
1

Vcell
⋅
∑Np;pl

n=1

(
∑

i∈V
ri

)

n

: (7) 

The reaction source term is only active for the plastic particles, an 
internal check for inert components is implemented to bypass solving 
the reaction equations for sand particles.

2.2.2. Momentum balance
The trajectory and velocity Up of each particle are described by 

Newton’s second law 

mp
dUp

dt
=
∑

i
Fi = Fc + Fd + Fg; (8) 

where the forces considered are gravity and buoyancy (Fg), gas–particle 
drag (Fd), and interparticle collision forces (Fc).

The gravity term Fg, including buoyancy, is expressed as 

Fg = mp⋅g⋅
(

1 −
ρg

ρp

)

: (9) 

The drag force Fd is calculated using the Gidaspow drag model 
(Gidaspow, 1994), which applies the Ergun equation and the Wen–Yu 
equation in different ranges of void fraction ϵ 

|Fd| =

⎧
⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎩

(

150
1 − ϵ

ϵ
+ 1:75 Rep

)
(1 − ϵ) μg

d2
p

ϵ < 0:8

3
4

Cd
(1 − ϵ) ϵ− 1:65 μg Rep

d2
p

ϵ ≥ 0:8
(10) 

Here, Rep = (ρg|Ug − Up|dp)/μg is the particle Reynolds number, Cd is the 
particle drag coefficient, and void fraction ϵ = Vg/Vcell is the volume 
fraction of gas in each computational cell.

The interparticle collision force Fc is modeled using the Multiphase 
Particle-in-Cell (MP-PIC) approach (Andrews & O’Rourke, 1996), where 
Fc is derived from the spatial gradient of the particle stress τp, expressed 
as 

Fc = − mp
∇τp

(1 − ϵ) ρp
= −

π d3
p

6 (1 − ϵ)
∇τp; (11) 

where the particle stress τp is evaluated based on the local solid volume 
fraction using the model proposed by Harris and Crighton (1994). Since 
sand and plastic particles are defined within the same Lagrangian phase, 
this formulation inherently accounts for collisions both among particles 
of the same type and between sand and plastic particles.

Consequently, the source term SU in Eq. (2) is calculated from 

SU =
1

Vcell
⋅
∑Np

n=1

[
Fd +

Δmp

Δt
Up

]

n
: (12) 

2.2.3. Energy balance
Each particle in the FBR exchanges energy with surrounding parti

cles and the gas phase through conduction, convection, and radiation. 
Furthermore, for reactive particles (i.e., plastic particles), thermo
chemical effects must also be taken into account with 

mp cp;p
dTp

dt
= Qconv + Qcond + Qrad + QR; (13) 

where cp,p is the specific heat capacity of the particle p and the terms on 
the right-hand side represent convective, conductive, and radiative heat 
transfer, as well as the thermochemical effects associated with the py
rolysis reactions.

The convective heat transfer Qconv is calculated from 

Qconv = h Ap (Tg − Tp) =
Nu λg

dp
Ap (Tg − Tp); (14) 

where h is the heat transfer coefficient, Ap is the particle surface area, λg 
is the thermal conductivity of the gas phase, and dp is the particle 
diameter. The Nusselt number Nu = h dp/λg is determined using Gunn’s 
correlation (Gunn, 1978), which accounts for the local void fraction ϵ 

Nu = (7 − 10ϵ+ 5ϵ2)(1+ 0:7 Rep
0:2 Pr1=3)

+ (1:33 − 2:4ϵ+ 1:2ϵ2) Rep
0:7 Pr1=3; (15) 

where Pr = μgcp,g/λg is the Prandtl number. Eq. (15) implicitly accounts 
for interparticle conductive heat transfer via ϵ, leading to enhanced heat 
transfer (higher Nu) in regions with higher solid volume fraction (lower 
ϵ).

Furthermore, since the reactor temperature is relatively low (at 
around 500 ◦C), radiative heat transfer Qrad is also neglected (Oka, 
2004). The last term QR represents the combined thermal effects of re
action enthalpy and evaporation. Since measuring the enthalpy of each 
reaction separately is difficult, particularly for reactions involving 
pseudo-species and occurring simultaneously with evaporation, the 
global enthalpy hR measured by differential scanning calorimetry (DSC) 
in our previous work (Netsch et al., 2024) was employed 

QR = − hR
dmp;pl

dt
= hR

∑

i∈V
ri: (16) 

The gas phase energy source term, Sh (Eq. (3)), includes the heat 
exchanged with other particles and the sensible enthalpy carried by the 
released volatiles 
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Sh =
1

Vcell
⋅
∑Np

n=1

[

− Qconv +
∑

i∈V
(rihi

s(Tp))

]

n

: (17) 

2.2.4. Species balance
As will be detailed in Section 2.3, the species are classified in two 

groups: low-boiling (i) and high-boiling (j) species. Due to relatively 
high boiling point, the unreacted polypropylene (PP) and wax (W) are 
assumed to be the only species in the particle phase, the mass evolution 
of which (solely caused by their l corresponding reactions) is governed 
by 

dmj
p; pl

dt
= −

∑

l

(
rj)

l: (18) 

In contrast, the volatile species i ∈ V are assumed to be immediately 
released. Their formation rates ri directly contribute to the gas-phase 
species source term Si

Y in Eq. (4): 

Si
Y =

1
Vcell

∑Np;pl

n=1
(ri)n: (19) 

2.3. Reaction kinetics

A five-lump reaction kinetic model adopted from (Lechleitner et al., 
2020) was employed to describe polypropylene (PP) pyrolysis, as illus
trated in Fig. 2. Here, each “lump” represents a pseudo-species with a 
specific boiling-point range, which is a common simplification in 
petrochemical research that allows convenient and computationally 
efficient kinetic modeling (de Oliveira et al., 2016).

In this model, the degradation of PP begins with the formation of 
long-chained intermediates, wax (W), which subsequently decompose 
into heavy fraction (HF) (vacuum-gas-oil-like), light fraction (LF) 
(naphtha- and kerosine-like) and permanent gas (G). The original kinetic 
formulation modeled the degradation within a “quasi-homogeneous” 
bulk phase, i.e., evaluating the species mass fractions based on total 
mass, without specifying the distribution of species in gas or particle 
phases. To adapt this kinetics for the present multiphase simulation, 
explicit phase-partitioning assumptions are introduced. Since the 
boiling points of HF, LF and G are far below the reactor temperature, 
they were assumed to be instantaneously released into the gas phase 
upon formation. In contrast, although the intermediate W could theo
retically partition between the gas and particle phases under the 
investigated conditions, it is allocated solely to the particle phase to 
simplify the interphase mass transfer calculations. Furthermore, due to 
the short gas-phase residence time (2–4 s), subsequent reactions of these 

volatile products were neglected. The kinetic model is governed by the 
following equations: 

dmP
p;pl

dt
= − k0⋅mP

p;pl; (20) 

dmW
p;pl

dt
= k0⋅mP

p;pl − k1⋅mW
p;pl − k2⋅mW

p;pl − k3⋅mW
p;pl; (21) 

dmHF
g

dt
= k1⋅mW

p;pl; (22) 

dmLF
g

dt
= k2⋅mW

p;pl; (23) 

dmG
g

dt
= k3⋅mW

p;pl; (24) 

where the rate constants k follow the Arrhenius law: 

k = A exp
(

−
Ea

RT

)

: (25) 

3. Simulation setups

3.1. Computational domain and grid

In the present work, a laboratory-scale cylindrical FBR with a 
diameter of 5 cm and a height of 60 cm was simulated. As shown in Fig. 3
(a) and (b), the computational mesh consisted of cubic cells with di
mensions of 4 × 4 × 4 mm. The lower and upper boundaries represent 
the reactor inlet and outlet, respectively, through which the fluidizing 
gas enters the reactor and carries the volatile products, while the side 
wall is assumed non-transmissive and adiabatic. Since the pyrolysis can 
last for tens of minutes and simulating the full three-dimensional FBR for 
only a few seconds of fluid-dynamic behavior can require about one day 
of simulation time (Zhang et al., 2024), the original cylindrical 
computational domain was simplified to a single-cell-layer thin slice 
with a width of 5 cm, corresponding to the reactor diameter. In this 
configuration, gas motion was restricted to two dimensions, while par
ticle dynamics remained three-dimensional. The quasi-2D setup is a 
commonly adopted approach in FBR modeling, especially when laminar 
gas flow is employ (Grace et al., 2020). To evaluate the accuracy, a 
dedicated validation was also conducted by comparing the predicted 
hydrodynamic behavior against experiments, showing good agreement 
with measured pressure drop and bed height.

At the beginning of the simulation, approximately 480,000 quartz 

Fig. 2. Five-lump reaction kinetic model for PP (adapted from (Lechleitner et al., 2020)).
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sand particles (4 particles per parcel) with a total mass of 69.5 g and a 
Sauter mean diameter of 0.21 mm are introduced into the reactor and 
fluidized by the upward gas flow from the bottom of the reactor. After 
0.5–1 s, a stable bubbling fluidized bed was formed. Plastic particles (1 
particle per parcel) were then injected at a height of 45 cm, corre
sponding to the freeboard region, where they rapidly mix with the sand 
particles.

The numerical setup has been validated against cold-model experi
ments in our previous work (Zhang et al., 2024) in terms of the bed 
height and pressure drop under varied operating conditions. The vali
dated setup was then employed to model plastic pyrolysis, incorporating 
both heat transfer and chemical reactions.

3.2. Material properties

Quartz sand is selected as the bed material, with its particle size 
distribution (PSD) shown in Fig. 3(d). The distribution is obtained from 
laser diffraction (Zhang et al., 2024). Methane (CH4) is used as the 
fluidizing gas, as separating conventional inert gases such as N2 from the 
product stream would require additional energy. Moreover, CH4 is both 
a component of the gaseous product and inert under the investigated 
conditions. PP (Moplen HP 552H) was used as the feedstock.

The physicochemical properties of all materials are summarized in 
Table 1. For quartz sand, constant values of heat capacity and density 
are used. For CH4, the default OpenFOAM material data are applied, 
where the transport properties are calculated using the Sutherland 
model, the heat capacity is obtained from the JANAF model, and the 
density is determined from the ideal gas law. The values listed in the 
table are evaluated over 25–550 ◦C. The density of PP is provided by the 
manufacturer, while its heat capacity was determined in our previous 
work (Netsch et al., 2024) using DSC and expressed as a piecewise linear 

function of temperature. Similar to CH4, the properties of PP in the 
temperature range of 25–550 ◦C are presented in the table. For the in
termediate species W, the density of PP is used due to difficulties in the 
measurement, and its heat capacity is calculated by using the repre
sentative species C36H74 (Durupt et al., 1996). Furthermore, the prop
erties of volatile species (HF, LF and G) are assumed identical to CH4, as 
their fractions are small compared with the inert gas.

The kinetic parameters for the reaction pathways shown in Fig. 2 are 
listed in Table 2, adopted from the work of Lechleitner et al. (2020). 
However, since the reaction enthalpies in that study were estimated 
using approximate average enthalpies of formation, we instead use the 
overall apparent enthalpy of 542 kJ/kg determined experimentally via 

Fig. 3. Reactor geometry and initial position of sand particles.

Table 1 
Summary of physicochemical properties.

Material ρ (kg/m3) cp (J/kg⋅K) μ (10− 5 Pa⋅s) λ (mW/m⋅K)

Sand 2660 830 - -

CH4 0.237–0.656 2203.3–4301.6 1.84–3.97 57.7–234.9

PP 900 2238.4–3863.2 - -
W 900 2248.9–3385.7 - -
HF, LF, G 0.237–0.656 2203.3–4301.6 1.84–3.97 57.7–234.9

Table 2 
Summary of kinetic parameters.

Reaction A (s− 1) Ea (kJ/mol) hR (kJ/kg)

0: PP → W 3.2 × 1015 244 0
1: W → HF 2.0 × 102 80 542
2: W → LF 1.0 × 105 100 542
3: W → G 5.0 × 1014 249 542
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DSC in (Netsch et al., 2024). This value encompasses both pyrolysis 
reactions and evaporation. Because the exact composition of the lumped 
species and consequently, the specific intermediate steps involved are 
unclear, the partition of this value to each individual reaction is chal
lenging. Therefore, a simplified implementation is adopted: the reaction 
enthalpy is coupled to the total particle mass loss from the three 
W-consuming reactions (Reactions 1–3), while the PP → W step is 
treated as thermally neutral.

3.3. Operating parameters

Both batch-wise and continuous feeding of the plastics are studied 
and compared. The study begins with batch-wise feeding, using pure 
CH4 as the fluidizing gas with a superficial velocity of Ug = 0.212 m/s at 
a pressure of 1 atm. The target reactor temperature TR is set to 505 ◦C, 
which falls within the typical temperature range for polyolefin pyrolysis 
(450–600 ◦C (Lopez et al., 2017)). Here, TR is defined as the (quasi-) 
thermal equilibrium temperature of sand bed, more specifically, corre
sponding to the temperature immediately after mixing with plastics 
under batch-wise operation (at t ≈ 10 s) or the steady-state temperature 
under continuous operation. At t = 1 s, 1.39 g of plastic particles (2 wt% 
of sand) with an initial temperature of 25 ◦C and a diameter of 2 mm are 
introduced into the reactor. To compensate for the rapid cooling caused 
by the introduction of cold plastic particles, the initially sand tempera
ture Tp,sand,0 is set to an elevated, pre-calculated temperature. For 
instance, achieving TR = 505, 515, and 525 ◦C requires initial gas inlet 
temperatures of Tg,in = 540, 550, and 561 ◦C, respectively, with the sand 
pre-heated to the same temperature. The investigation of batch-wise 
operation continues with parameter study of both TR and the plastic 
particle diameter dp,pl, with the focus on their effects on product yield. 
The boundary and initial conditions are listed in Table 3, and the 
simulation cases are summarized in Table 4.

For the gas phase, a no-slip condition is applied at the walls, which 
are treated as adiabatic. At the outlet, an open boundary condition is 
imposed on the velocity field to allow backflow, and a zero-gradient 
condition is applied to the temperature. For the particle phase, all 
walls are modeled with a rebound condition using a restitution coeffi
cient of e = 0.97 and a friction coefficient of μ = 0.09. The gas flow is 
treated as laminar because both the bulk gas (Reg = ρgUgD/μg) and 
particle Reynolds numbers (Rep) are below 100 under the investigated 
conditions. This assumption was further verified through a supplemen
tary simulation employing a Large Eddy Simulation (LES) turbulence 
model under identical conditions, which yields only negligible differ
ences compared to the laminar flow results.

Subsequently, plastic particles are fed continuously at rates of 
_mp;pl = 0.0234, 0.0309, and 0.0408 g/s for TR = 505, 515, and 525 ◦C, 
respectively. The primary challenge in setting up the continuous-feeding 

simulation lay in identifying the precise combination of initial and 
boundary conditions required for the system to reach a steady state. 
Preliminary energy and mass balance calculations were performed to 
estimate the required gas inlet temperature (set as constant), which 
determines the heat supplied for the pyrolysis. However, the steady- 
state heat input derived from these balances proved excessively high 
during the initial stage of the simulation. Because the steady-state plastic 
inventory is not yet reached and consequently energy consumption in 
the reactor is relatively low. Therefore, the excess heat continuously 
accumulated inside the reactor, causing the temperature to deviate from 
the target condition and preventing the system from reaching a steady 
state. The resulting gas inlet temperatures are considerably higher than 
in the batch cases, ranging from 624 to 747 ◦C, while the initial sand 
temperatures are set slightly below the target TR to compensate for the 
continuous heat input (as shown in Table 4).

4. Results and discussion

4.1. Gas–solid flow

The void fraction distribution at t = 0–1 s for TR = 505 ◦C and dp, 

pl = 2 mm is illustrated in Fig. 4. Gas enters the reactor from the bottom, 
forming bubbles that grow as they rise through the bed. During their 
upward motion, bubbles exert interphase drag forces that drive the 
surrounding particles. Upon reaching the top of the sand bed, the bub
bles burst, entraining sand particles into the freeboard region. After 
reaching their highest point, the sand particles fall back into the bed, 
where they collide with other particles and are re-entrained by newly 
formed bubbles. Due to higher gas velocity in the central region and 
lower velocity near the wall, a macroscopic particle circulation develops 
from the center toward the side regions.

This continuous bubble motion generates vigorous particle mixing, 

Table 3 
Boundary and initial conditions.

Location Variable Condition

Gas phase
Inlet Ug 0.212 m/s (superficial)
Inlet Tg,in Case-dependent (Table 4)
Inlet Composition Pure CH4

Outlet Ug Open boundary
Outlet Tg Zero gradient
Walls Ug No-slip
Walls Tg Adiabatic

Particle phase
All walls Collision Rebound (e = 0.97, μ = 0.09)

Initial conditions
Sand Tp,sand,0 Case-dependent (Table 4)
Plastic Tp,pl,0 25 ◦C
Batch mp,pl,0 1.39 g (2 wt% of sand, at t = 1 s)
Continuous _mp;pl Case-dependent (Table 4)

Table 4 
Summary of simulation cases.

No. Mode TR (◦C) dp,pl (mm) Tg,in (◦C) Tp,sand,0 (◦C) _mp;pl (g/s)

0 Batch 505 2 540 540 –

1 Batch 515 2 550 550 –
2 Batch 525 2 561 561 –

3 Batch 505 1.5 540 540 –
4 Batch 505 2.5 540 540 –

5 Cont. 505 2 624 500 0.0234
6 Cont. 515 2 677 510 0.0309
7 Cont. 525 2 747 520 0.0408

Fig. 4. Snapshots of calculated time series of void fraction distribution across 
the FBR.
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as illustrated in Fig. 5. Here, the particle phase is colored and scaled by 
particle size, while the gas phase is colored by temperature. At t = 1 s, 
cold plastic particles (large white spheres) are injected, which then 
rapidly fall into the bed, causing a local cooling of the gas phase. Upon 
contacting the highly agitated sand bed, the plastic particles quickly mix 
with the smaller sand particles (small black spheres) within approxi
mately 10 s. The vigorous bed agitation promotes extensive gas–solid 
contact, which significantly enhances convective heat transfer and 
drives a rapid homogenization of the gas temperature. Note that in both 
Figs. 4 and 5, the brightness gradient visible in the upper part of the 
column is a rendering effect introduced by ParaView’s default Light Kit 
and does not reflect any physical temperature variation.

4.2. Pyrolysis reactions

Simulation results at TR = 505 ◦C are shown in Fig. 6(a). As previ
ously discussed, the vigorous mixing and agitation within the bed pro
mote extensive gas–solid contact, thereby significantly enhancing 
convective heat transfer to the plastic particles. At t = 10 s, the plastic 
particles reach a thermal quasi-steady state, followed by the onset of the 
pyrolysis reaction. Here, the global conversion X, accounting for all 
plastic particles, is defined as 

X = 1 −
mp;pl

mp;pl;0
= 1 −

mPP
p;pl + mW

p;pl

mp;pl;0
: (26) 

After approximately 200 s, the plastics are completely converted. A 
comparison between the heat-up period (Tp = 99.5 % Tp; end) and the 

reaction period (X = 99.5%) in Fig. 6(a) (red curve) clearly indicates 
that the pyrolysis reactions proceed significantly slower than external 
heat transfer. To quantitatively examine this relationship, the second 
Pyrolysis number is evaluated, defined as the ratio of the characteristic 
timescales of pyrolysis reactions and convective heat transfer (Pyle & 
Zaror, 1984) 

PyII ≡
τpy

τconv
=

1
keff

ρp;pl ⋅cp;p;pl ⋅R
h

=
h

ρp;pl⋅cp;p;pl⋅R⋅keff
; (27) 

where ρp,pl, cp,p,pl, and R are the density, specific heat, and radius of 
plastic particles, respectively. And keff is the effective rate constant of the 
lumped kinetic model at the operating temperature, calculated as 

keff =
1

1
k0
+ 1

k1+k2+k3

: (28) 

Evaluation under the current operating conditions yields PyII = 6.15, 
confirming that the characteristic time of pyrolysis is considerably larger 
than that of convective heating.

At the reactor outlet, the mass flow rates of HF, LF and G are recorded 
and integrated to determine product yields, as shown in Fig. 6(b). At 
TR = 505 ◦C, LF is the main product with a yield of 67.4 wt%, followed 
by G (29.6 wt%) and HF (3 wt%). As previously mentioned, LF can serve 
as a surrogate feedstock of naphtha and kerosene in the petrochemical 
industry. Therefore, the impact of operating parameters will be dis
cussed next with the aim of further enhancing LF yield.

4.2.1. Influence of reactor temperature
The impact of reactor temperature was investigated by increasing TR 

by 10 and 20 ◦C. As shown in Fig. 7(a), all cases exhibit nearly identical 
heat-up periods, after which the average particle temperature stabilizes 
at levels corresponding to the respective TR. With increasing TR, LF yield 
decreases (from 67.4 to 56.7 wt%), while G production increases (from 
29.6 to 40.9 wt%) and HF yield remains nearly constant (Fig. 7(b)). This 
trend can be explained from two perspectives. First, at higher temper
atures, collisions among molecules and radicals occur more frequently, 
allowing more radicals to overcome the activation barrier and promot
ing C-C bond cleavage via β-scission. Second, among the three volatile- 
forming reactions (Table 2), W → G exhibits more than twice the acti
vation energy of the others, making its rate most sensitive to tempera
ture. Therefore, lower TR favors LF formation.

Similar observations have been reported in experimental studies. 
Wong and Broadbelt (2001) conducted milligram-scale pyrolysis of PP 
in a sealed glass ampoule at 350 and 420 ◦C for 180 min. They observed 
that higher temperatures increased the selectivity toward C1–C4 prod
ucts, while the formation of C5–C10 and C11–C25 (corresponding to the LF 
and HF in the lumped model of this study) became less favored. Mastral 
et al. (2002) performed HDPE pyrolysis in an FBR at 650–850 ◦C and 
found that the total yield of wax and oil decreased from 68.5 to 12.2 %, 
whereas gas production increased from 31.5 to 64.5 %. A similar 

Fig. 5. Rapid particle mixing and temperature homogenization in the FBR.

Fig. 6. Time evolution of (a) reactor and particle temperature, conversion progress and (b) product yields at 505 ◦C.
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variation in gas and liquid yields was also reported by Elordi et al. 
(2011).

4.2.2. Influence of plastic particle diameter
The second investigated parameter is the plastic particle diameter dp, 

pl, which is varied from 1.5 to 2.5 mm. As illustrated in Fig. 8(a), 
increasing particle size prolongs the average heating time from 
approximately 9 to 14 s, primarily due to the attenuated external heat 
transfer resulting from the reduced (volume) specific surface area of 
larger particles. However, the pyrolysis reaction is the slower than 
external heat transfer under the present conditions (PyII = 3.94–10.94) 
and occurs at nearly the same temperature for all cases. Therefore, heat 
transfer has a negligible impact on the product yields, which remain 
almost identical, as shown in Fig. 8(b).

In industrial practice, using smaller particles requires higher me
chanical energy during shredding. However, this has little influence on 
the product yield under the investigated operating temperature. At 
elevated temperatures, where the timescale of convective heat transfer 
becomes comparable to that of the pyrolysis reactions, the enhanced 
heat transfer associated with smaller particles is expected to have a more 
pronounced impact on the yield of desired products. For reference, using 
the current kinetic model with Nu = 8 and dp,pl = 2 mm, PyII drops to 
0.34 at 590 ◦C and 0.12 at 620 ◦C. The latter condition falls already 
within the external-heat-transfer-controlled regime.

4.2.3. Influence of operation mode
As outlined in the introduction, effective plastic waste management 

requires high-throughput processes, which in turn necessitates contin
uous feeding. This consideration naturally leads to the question of 
whether the operation mode influences the product yields.

4.2.3.1. Batch-wise feeding. The results presented earlier were obtained 

under batch-wise feeding. To better capture the evolution of particle 
thermal states during degradation, the results from Section 4.2.1 are 
reanalyzed by plotting the average plastic particle temperature, Tp;pl, 
against the conversion X, as shown in Fig. 9. A temperature drop of 
approximately ΔTp;pl = 4.5 ◦C was observed. This unsteady behavior 
arises from the endothermic nature of the pyrolysis reaction. Since the 
only heat source is the fluidizing gas, which has a heat capacity com
parable to that of the plastics but a much lower density, the heat demand 
temporarily exceeds the heat supply. As previously discussed, temper
ature strongly influences product yields. Therefore, this temperature 

Fig. 7. Influence of reactor temperature on (a) heating behavior and (b) product yields.

Fig. 8. Influence of plastic particle size on (a) heating behavior and (b) product yields.

Fig. 9. Average plastic particle temperature versus conversion at TR =

505–525 ◦C.
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drop leads to deviations of the yields from expected values.
In addition to the average particle temperature, the temperature 

distribution among the plastic particles at TR = 505 ◦C is also analyzed 
(Fig. 10). At t = 10 s, the average temperature reaches a steady value 
(Fig. 6(a)). However, the ensemble of plastic particles remains thermally 
inhomogeneous, exhibiting a temperature variation of approximately 
15 ◦C, which becomes uniform after about 50 s. This reflects the distinct 
heating histories of plastic particles during the initial stage, as observed 
in Fig. 5. For instance, at t = 3 s, some particles remain in cooler regions 
(blue region, ~ 495 ◦C) while others are in hotter regions (red region, ~ 
540 ◦C). Although the gas phase becomes nearly homogeneous within 
10 s, the plastic particles require a longer time to reach thermal uni
formity due to their higher mass and, consequently, greater thermal 
inertia. Furthermore, after 10 s, part of the plastic reaches around 
500 ◦C, at which point the pyrolysis reaction begins to introduce addi
tional thermal effects, influencing the homogenization process.

4.2.3.2. Continuous feeding. The results under continuous feeding are 
illustrated in Fig. 11. During the first 100 s, the mass loading of plastics 
is lower than the expected steady-state value. Consequently, the sup
plied heat exceeds the heat demand. The excess heat accumulates in the 
reactor and raises the reactor temperature. As the plastic mass loading 
(yp) gradually increases, heat supply and demand approach an equilib
rium, and the reactor stabilizes at the steady-state temperature, as 
shown in Fig. 11(a).

To examine the particle-scale behavior under continuous feeding, the 
heat-up processes of four plastic particles introduced under steady state 
at TR = 505 ◦C is analyzed, as shown in Fig. 11(b). In contrast to the 
highly dispersed temperature distribution observed during the initial 
stage under batch-wise feeding, all four particles exhibit nearly identical 

heating histories from the beginning. The small temperature fluctua
tions observed after 10 s are due to the temporary residence near the gas 
inlet region, where the gas is approximately 100 ◦C hotter than the 
reactor. Consequently, the particles experience short periods of heating 
near the inlet, followed by cooling upon returning to the bulk region of 
the bed.

The above analysis demonstrates the differences in particle thermal 
histories under the two operation modes. In the following section, 
detailed statistical analyses are presented to quantitatively compare the 
particle heating behavior and conversion, followed by the comparison of 
product yields.

4.2.3.3. Comparison. To quantitatively compare the heating and 
degradation of the plastic particles, the coefficient of variation (CV) of 
plastic particle temperatures (Tp,pl) and conversions (X) of both simu
lations (TR = 505 ◦C) is calculated following (Fitch et al., 2015): 

CV =
σ
μ
× 100 %; (29) 

where σ and μ denote the standard deviation and mean value of Tp or X, 
respectively. The CV serves as a quantitative measure of the heteroge
neity among the particles.

For the continuous feeding case, plastic particles fed during 
t = 200–250 s (already in steady state) are sampled. To compare the two 
operation modes, the CVs of Tp,pl and X are calculated at 15–20 uni
formly spaced points over the particle residence time of 0–150 s.

The results are presented in Fig. 12. Under batch-wise feeding, par
ticle temperatures (see Fig. 12(a)) exhibit pronounced heterogeneity (up 
to 24 %) at the beginning, consistent with the observations in Fig. 10. In 
contrast, continuous feeding exhibits substantially lower thermal het
erogeneity (maximum 2 %) in the initial stage. After approximately 10 s, 
however, CVs in both cases gradually decrease and eventually stabilize 
below 1 %. This is due to the batch-wise feeding introducing pulse-like 
perturbations into the system, which require a longer time to dissipate. 
The low heterogeneity after 20 s highlights the excellent heat transfer 
performance of the FBR.

The heterogeneity in plastic particle conversion is illustrated in 
Fig. 12(b). In contrast to the particle temperature, the CVs of conversion 
increases over time under both operation modes. However, the rate of 
increase gradually slows down, and the final CV remains below 5 %. 
This trend is attributable to conversion representing the time integral of 
the reaction rate, which is exponential to particle temperature. Conse
quently, temperature non-uniformities are cumulative, becoming re
flected in the conversion distribution over time. The deceleration of the 
increase in conversion heterogeneity is primarily due to the decrease in 
temperature heterogeneity and, indirectly, to the “buffering effect” of 
the endothermic reaction: particles at higher temperatures react more 

Fig. 10. Particle-scale heterogeneity in the temperature distribution of plastic 
particles under batch-wise feeding at TR = 505 ◦C and dp,pl = 2 mm; bin 
width: 0.2 ◦C.

Fig. 11. Thermal steady-state and particle-scale temperature uniformity under continuous feeding: (a) reactor temperature evolution and (b) temperature profiles of 
plastic particles fed at different times.
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rapidly and absorb more heat, while cooler particles react more slowly, 
thereby diminishing the temperature discrepancies among them.

Overall, the relatively low magnitude of conversion heterogeneity 
again confirms that the pyrolysis reaction has a larger characteristic 
timescale than external heat transfer under the present conditions. The 
longer characteristic timescale of the chemical reaction implies that the 
transient temperature non-uniformity observed during the first 10 s 
exerts only a minor influence on the overall reaction progress. A similar 
trend is observed in the product yields, as shown in Fig. 13. The yields of 
HF, LF and G under both operation modes are comparable, differing by 
only approximately 2 %.

We conclude that the distinct initial thermal histories of the two 
operation modes, including the greater particle-scale heterogeneity seen 
in batch-wise feeding, have only a minor effect on product yield, as 
pyrolysis remains slower than external heat transfer. However, it is ex
pected that if elevated reactor temperatures or increased non-idealities 
of the reactor cause PyII to drop below 1 or 0.1, the impact of oper
ating modes will become highly significant, as discussed in Section 
4.2.2.

4.3. Discussion

Simulating plastic pyrolysis in FBRs involves complex, multiscale 
physicochemical phenomena that cannot be fully resolved due to 
excessive computational demands. Consequently, serval assumptions 
and model simplifications were adopted in Section 2 to maintain a 
manageable computational cost. This section assesses the impact of 
uncertainties associated with the modeling strategies on the simulation 
results. 

• Intraparticle heat conduction: Due to the low thermal conductivity 
of plastics, the conventional implementation of thermally homoge
neous particle under Lagrangian framework is assessed with help of 
the Biot number (Bi = hR/λp) (Pyle & Zaror, 1984), where λp the 
thermal conductivity of PP. The Bi represents the ratio of the char
acteristic timescales of internal (conductive) to external (convective) 
heat transfer. For dp,pl = 2 mm, the calculated Biot numbers 
(Bi = 2.52–2.61) at TR = 505, 515, and 525 ◦C indicates slower in
ternal conduction than external convection, as summarized 
in Table 5. To further evaluate the impact of conduction, additional 
simulations using single homogeneous-particle (0D) and 
particle-resolved (1D) models (Zhang, Li, et al., 2026) have been 
conducted, assuming an averaged Nu at 8, derived from the FBR 
simulations. The 1D model explicitly assess the effect of intraparticle 
heat conduction on pyrolysis conversion by resolving the spatial 
temperature gradient within the particle. As illustrated in Fig. 14(a) 
and (b) for dp,pl = 2 mm and TR = 505 ◦C, the 0D model successfully 
reproduces the temperature and conversion predictions from the 
CFD simulation, while the 1D model yields slightly slower heating 
and conversion due to the intraparticle thermal resistance. The same 
trend can be observed across all investigated temperatures 
(TR = 505, 515, and 525 ◦C), as shown in Fig. 14(c) and (d). How
ever, due to the relatively slow pyrolysis reactions (as indicated by 
the PyII numbers evaluated in Section 4), the root-mean-square error 
(RMSE) for conversion (X) between the 0D and 1D predictions re
mains small for all cases (approx. 5 %), as shown in Table 5.

• Simulation setup: Furthermore, as detailed in Section 3.1, a quasi- 
2D computational domain has been utilized, which is simplified from 
a full 3D cylindrical geometry. While the simulation results has been 
successfully validated against experimental hydrodynamic mea
surements, this simplification may enhance transport processes due 
to the suppression of gas velocity components in the third dimension 
and unrealistic particle interactions and collisions with the symmetry 
planes. The limitation of such geometry simplification was also re
ported for single- and multi-particle plastic pyrolysis, where the 2D 
simulation underestimate the mass and heat transfer by approxi
mately 30 % (Abdelsamie & Th�evenin, 2025).

• Eulerian–Lagrangian approach: As mentioned in Section 2.1, the 
current solver neglects the fluid volume displaced by particles in the 
Eulerian equations (ϵ ≈ 1). To assess its effect, the results of current 
solver have been compared against the standard MPPICFoam, which 
includes ϵ in the gas-phase balances. A comparison of the instanta
neous and time-averaged ϵ exhibits that our solver successfully 
captures the key macroscopic hydrodynamics (i.e., gas–solid circu
lation and core–annulus structure). However, because the gas phase 
equations are integrated over the entire cell volume rather than the 

Fig. 12. Comparison of plastic particle heterogeneity under batch-wise and continuous feeding at 505 ◦C: (a) coefficient of variation (CV) of plastic particle tem
perature and (b) CV of particle conversion.

Fig. 13. Comparison of product yield under batch-wise and continuously 
feeding at different operating temperatures.
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interstitial space, omitting ϵ leads to enhanced gas bypassing, larger 
bubble formation, and greater bed expansion. These exaggerated 
hydrodynamic fluctuations reduce gas–solid contact, which can ul
timately limit particle heating and decelerate pyrolysis rates.

• Reaction kinetic model: To implement the applied kinetic model 
(Lechleitner et al., 2020) into our multiphase simulation, several ad
aptations and assumptions are necessary (detailed in Section 2), which 
could introduce deviation in model predictions. First, the Arrhenius 
parameters of this lumped kinetic model were originally fitted to 
laboratory-scale reactor data, in which heat- and mass-transfer limi
tations are inevitably present. Applying these apparent kinetic pa
rameters into our CFD simulations, which explicitly resolves 
convective transport, can effectively overestimates the external 
transfer resistance. Second, the simplified phase partitioning 
mentioned in Section 2.3 retains more mass on the particles and 
therefore underestimate the conversion. Third, as noted at the 
beginning of Section 2, the current work does not account for the 
fragmentation and crumbling of molten plastic particles. In reality, 
these physical phenomena would significantly increase the specific 
surface area and thereby accelerate the conversion of plastics.

5. Conclusion

The current work presents a Eulerian–Lagrangian solver, considering 
gas–particle dynamics, particle-level heat transfer and chemical re
actions, as well as their mutual interactions. This solver was subse
quently applied to the simulations of plastic pyrolysis in a laboratory- 
scale FBR, where different reactor temperatures, plastic particle sizes, 
and operation modes (batch-wise and continuous) were investigated to 
evaluate their influences on product yields from PP pyrolysis.

The results indicate that, due to bubble dynamics, the fluidized bed 
exhibits excellent mixing and heat-transfer performance. During PP 
pyrolysis at 505 ◦C, the LF was identified as the main product, with a 
yield of 67.4 wt%. Increasing the reactor temperature to 525 ◦C resulted 
in a pronounced decrease in LF yield (from 67.4 to 56.7 wt%). 
Furthermore, the investigation of particle size and operation mode 
showed that both parameters influence the thermal state of plastic 
particles: the former accelerates particle heating, while the latter leads 
to less homogeneity during the initial heating period (first 10 s). How
ever, since the pyrolysis reactions exhibit relative longer timescale than 
convective heat transfer under the investigated conditions, both pa
rameters exert only minor effects on the final product distribution.

In future work, a more detailed reaction kinetic model will be inte
grated, incorporating not only the boiling points of the pseudo-species 
but also the PIONA (n-paraffins, iso-paraffins, olefins, naphthenes and 
aromatics) composition of each distillation cut. This information is a key 
indicator in the petrochemical industry and is crucial for evaluating the 
downstream utilization potential of pyrolysis products.
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Table 5 
Summary of 0D and 1D model predictions at different reactor temperatures.

Case Bi Tp,transient, RMSE [K], (0–25 s) Tp,transient, RMSE [K], (30 s–end) X, RMSE [%]

TR = 505 ◦C, Nu = 8 2.52 27.59 1.26 3.39
TR = 515 ◦C, Nu = 8 2.56 28.29 1.63 4.22
TR = 525 ◦C, Nu = 8 2.61 28.98 2.08 5.19

Fig. 14. Comparison of 0D and 1D model predictions for particle temperature and conversion at dp,pl = 2 mm and TR = 505, 515, and 525 ◦C.
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