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Abstract: Pyrolysis is a promising disposal method for municipal solid waste (MSW) due to the
high-value utilization of the organic components of MSW. Traditional indirect heating has low heat
transfer efficiency and requires an increase in the heat exchange area. In this study, a refined numerical
simulation model for the pyrolysis of four typical MSW components with high-temperature flue gas
was established to study the influence of flue gas on the heat transfer and reaction characteristics
of MSW. The temperature distribution and particle size change in different components were obtained,
and the effects of flue gas temperature and velocity on the pyrolysis process were analyzed. It was
found that the temperature difference of the four components along the bed height direction was
about 1.36–1.81 K/mm, and the energy efficiency was about 55–61%. When the four components
were uniformly mixed, the temperature increase rates of each component were similar during the
pyrolysis process. As the flue gas temperature increased, the amount of gas consumption decreased
and the energy efficiency increased. When the flue gas velocity increased, the flue gas consumption
increased and the energy efficiency decreased. The research results are of great significance for the
promotion and application of pyrolysis technology to MSW with high-temperature flue gas.

Keywords: pyrolysis; MSW; CFD–DEM; fixed bed; flue gas

1. Introduction

Rapid urbanization has increased municipal solid waste (MSW) generation [1]. In
China, approximately 248.69 million tons of MSW was cleared and transported, with a
harmless treatment rate of 99.9% in 2021 [2], which is expected to increase to 3.4 billion tons
by 2050 [2]. Pyrolysis is one of the main methods of MSW resource utilization that can
convert organic matter into small-molecule combustible gas and liquid oil in an inert
environment while solidifying heavy metals into char [3]. Compared with incineration,
pyrolysis is a relatively uncomplicated technology requiring no complex processing plant,
it is quite environmentally friendly, and the process parameters are controlled according to
the desired products [4–6].

One of the main characteristics of MSW is its complex components, and various com-
ponent proportions are related to many factors, such as local economic development level
and residents’ living habits [7]. Different components of MSW have different physical
parameters such as density, conductivity, and specific heat capacity, and they also have dif-
ferent reaction characteristics such as the pyrolysis temperature and reaction rate. Usually,
the pyrolysis temperature range of biomass is lower than 673 K, and the pyrolysis products
are mainly CO, CO2, and CH4 [8–10]. The pyrolysis temperature of plastics is relatively
high; for example, PET starts pyrolysis at 633 K, while the pyrolysis rate is fast [11–13].
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The pyrolysis temperature range of paper is between 573 and 673 K [14]. The pyrolysis
temperature range of textiles is between 573 and 873 K [15].

Considering that the interactions between the components cannot be ignored, So–
phonrat et al. [16] studied the effect of pyrolysis temperature on products during the
co–pyrolysis of plastics and paper; Chhabra et al. [17] studied the effect of mixing ratio
on the kinetic characteristics and char yield during the co-pyrolysis of biomass, plastic,
and rubber; Nguyen et al. [18] studied the effect of the mixing ratio on the syngas calorific
value during the co-pyrolysis of pine sawdust and polystyrene, Hassan et al. [19] studied
the effect of the mixing ratio on the yield of liquid oil and the calorific value of syngas
during the co-pyrolysis of biomass and high-density polyethylene; and Zheng et al. [20]
found a positive synergistic effect between biomass and plastic that can inhibit catalyst
coking. These studies focused on the influence of the pyrolysis temperature, mixing ratio,
catalysts, and other parameters on the pyrolysis mechanism and product distribution
through thermogravimetry or indirect heating, finding that the distribution of pyrolysis
products varies with the mixing ratio of materials with different components. However,
the effect of the mixing ratio of materials with different components on the heat transfer
process is not clear.

Fixed-bed reactors are comparatively easy to operate and suitable for the pyrolysis of
MSW. The popular reactors of MSW pyrolysis nowadays are fixed bed, such as a rotary
kiln and moving grate [5,21]. The traditional fixed-bed pyrolysis reactor adopts an indirect
heating mode, where the heat source, such as an electric furnace or flue gas, heats the wall
of the reactor, and then the heat transfers from the wall to the material through conduction.
The internal heat transfer of the material is also mainly determined by conduction. However,
there is the problem of low heat transfer efficiency, which requires a large heating surface
area. When high-temperature gas directly contacts with the material, the conductive heating
resistance of the surface material and the convective resistance between the heating medium
and the surface are eliminated, which significantly improves the heat transfer efficiency.
The commonly used and economical high-temperature medium is flue gas, which can
be sourced from existing high-temperature flue gas or the online combustion of volatile
products generated by pyrolysis in practical applications. But it will dilute the calorific
value of the combustible gas when mixed with the volatile products generated by pyrolysis.
The temperature and the velocity of the flue gas affect the heat transfer efficiency within
the system. Therefore, it is necessary to study the heat transfer and reaction characteristics
of the pyrolysis process of MSW heated by high-temperature flue gas.

Because the interactions and potential reinforcements of these processes are difficult
to isolate and elucidate experimentally, the development of a predictive modeling tool, for
example, based on the CFD–DEM (discrete element method) methodology, is attracting
increasing attention [22]. The DEM point particles follow from single-particle mass to
momentum to enthalpy balances, and the model can track the particle motion of each
particle. Within the scope of the CFD–DEM approach, the dispersed particles are considered
as separate individual entities, the change in a particle is determined by the particle–particle
interactions, and mass, momentum, and heat are exchanged between a particle and the
carrier medium. Based on the DEM, Lu et al. [23] studied the effect of biomass particle size
on pyrolysis product distribution in a fluidized bed and detailed the specific process of
biomass pyrolysis using 32 equations. Kong et al. [24,25] simulated the biomass particle
pyrolysis process and analyzed the heat and mass transfer characteristics at different
temperatures. Chandrasekaran et al. [26] studied the effects of the temperature and heating
rate in a fixed bed on biomass pyrolysis products.

MSW, to simplify the computational model, is usually regarded as a homogeneous
material according to the proportion of each component [27]. When using a homogeneous
model for prediction, different components complete pyrolysis with the same pyrolysis
rate at the same temperature, leading to a significant deviation from the actual situation. It
is necessary to establish a more accurate model to predict the pyrolysis process of MSW
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in which the differences in the physicochemical and pyrolysis characteristics of different
components should be fully considered.

Multiphase flow with interphase exchanges (MFix) is an open-source multiphase flow
solver and is very good at studying gas–solid multiphase flow [28]. In this study, based on
MFix, a refined numerical simulation model using the CFD–DEM was built to study the
heat transfer and reaction characteristics of the pyrolysis process of MSW heated by high-
temperature flue gas and to predict the influence of the flue gas temperature and velocity on
the caloric value of the volatile products and flue gas consumption. During the calculation
process, four typical components of MSW, namely biomass, plastic, paper, and textiles, were
selected as materials. Each component was treated as a uniform spherical particle, different
components followed their own heating and pyrolysis rates, and the changes in the mass
and volume of particles caused by material decomposition were considered. The pyrolysis
rate of different materials was calculated through thermogravimetric experiments, and the
distribution of the pyrolysis products was tested based on experimental data. The research
results will provide support for the promotion and application of pyrolysis technology.

2. Materials and Methods
2.1. Materials and Pyrolysis Equations

The experimental samples were taken from the dock of a waste incineration plant
in Shanghai with a mass of about 1 ton. After drying in a sun room, the samples were
analyzed using the quartering method. With the promotion of classified collection of MSW,
wet waste such as kitchen waste was separated, and the remaining dry waste mainly
includes biomass, fabrics, paper, and plastics. Plastics were mainly composed of PE, PP,
and PS, with mass fractions of 48%, 18%, and 16%, respectively; the remaining 18% was
mainly composed of PVC, PU, PVDF and so on. After screening and natural drying, each
component sample was crushed using a small laboratory crusher. The particle size after
crushing was about 5–15 mm. The proximate and ultimate analyses of the four components
of MSW are shown in Table 1. According to proximate analysis, biomass has the highest
ash content and plastic has the highest volatile content. The calorific value of plastic is
more than three times that of paper.

Table 1. MSW proximate and ultimate analysis.

Ultimate Analysis/wt.% Proximate Analysis/wt.% Calorific
Values/MJ/kg

Nad Cad Had Sad Oad Clad Aad Vad FCad

Biomass 1.78 41.57 5.86 0.01 50.62 0.15 19.30 64.89 15.81 19.21
Textile 1.01 62.19 7.02 0.00 28.91 0.86 10.10 71.21 18.70 18.18
Paper 0.29 43.72 6.30 0.00 49.17 0.52 13.30 74.40 12.30 11.35
Plastic 1.16 56.58 7.89 0.02 29.85 4.50 9.10 82.40 8.50 36.84

Figure 1 shows the results of the four components’ thermogravimetric experiments
within a N2 atmosphere using TG 209 F3 Tarsus (Netzsch, Selb, Germany). The sam-
ple mass was 0.5 g, the heating rate was 200 K/min, and the temperature rose from
300 to 1173 K. Biomass decomposed mainly in the range of 480–655 K. The initial tem-
peratures for the decomposition of paper and textile were close with the main reaction
ranging from 520 to 660 K and from 520 to 755 K, respectively. The start time of the plastics
decomposition was the latest, with a main reaction range of 585–790 K.

A single-step, first-order Arrhenius reaction rate was used to describe the pyrolysis
process, and the particle devolatilization rate is kinetically calculated with:

dmvolatiles
dt

= −A exp(− E
RTp

)mvolatiles (1)
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Figure 1. Thermogravimetric experiments.

The pre-exponential factor, A, and activation energy, E, of the four materials were
as shown in Table 2, which were within the normal range of values [29]. In the pyrolysis
process, plastic undergoes two stages. Firstly, it absorbs heat and melts into a liquid, which
is then decomposed to produce volatile products. Therefore, the pyrolysis of plastic was
divided into two stages.

Table 2. Pre-exponential factors and activation energies.

Temperature (K) A (s–1) E (kJ/mol)

Biomass 510–652 5.09 × 105 78.12

Plastic
519–668 1.35 41.6
725–778 6.88 × 1015 221.88

Paper 533–656 5.15 × 108 109.07
Textile 506–717 2.23 × 105 88.41

To determine the product distribution during the pyrolysis process, a two-section
experimental platform was built, as shown in Figure 2. The lower section was used to
preheat the flue gas (80% N2 and 20% CO2), and the upper part was used for material
preheating and pyrolysis reactions. The inner diameter of the reactor was 6 cm. The
material used in each experiment was 200 g, with a preheating temperature of 473 K and
a heating flue gas temperature of 1073 K. During the experiment, the material was first
placed in the reactor and purged with flue gas at 300 K for approximately 15 min. Then,
Heating Furnace 1 was activated to preheat the material, which could shorten the reaction
time and improve the temperature. After the thermocouple at the outlet reached 473 K,
Furnace 2 was started to heat the material at 1073 K, and the control valve for the flue gas
was opened. Thermocouple a was used to test the temperature in the middle of the material,
and Thermocouple b was used to test the flue gas temperature at the outlet of Furnace 1.
The volatiles ware quenched, and the non-condensable gas was collected in a gas bag.
Their chemical compositions were analyzed using GC–MS(QP2010 SE, Shimadzu, Kyoto,
Japan) and GC (7820A, Agilent, Santa Clara, CA, America), respectively. The composition
of the pyrolysis gas collected was determined by GC. The carrier gas was argon gas, and
thermal conductivity detection was used to analyze the gas components and their relative
content. GC–MS was used to analysis the tar components. The split ratio of tar samples
was 1:10, and detection was carried out through split injection. The heating procedure of
the column temperature box was as follows: raise from 35 to 120 ◦C within 4 min, then
raise to 300 ◦C within 10 min, and keep at 300 ◦C for 5 min. Test with a length of 30 m
and a film thickness of 0.25 µm. The RTX-5MS capillary chromatography column with an
inner diameter of 0.25 mm was a GC chromatography column. The ion source temperature
of the MS part was 230 ◦C, and the scanning width was 350–500 amu with full scanning.
More detailed information can be found in Reference [30].
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Figure 2. Diagram of pyrolysis experimental apparatus.

According to the experimental results, the chemical reaction equations of the four com-
ponents are shown as (R1)–(R4), where the tar was obtained by weighted average based on
the products measured by GC-MS.

Biomass → 0.067CO2+0.43H2+0.088CO + 0.076CH4+0.0098C2H4
+0.00521C2H6+0.00135C3H8+0.095tar + 0.23char

(R1)

Plastic → 0.50H2+0.27462CH4+0.0738C2H4+0.03721C2H6
+0.0044C3H8+0.0459tar + 0.067char

(R2)

Paper → 0.12CO2+0.63H2+0.071CO + 0.041CH4+0.0056C2H4
+0.0063C2H6+0.0022C3H8+0.0088tar + 0.12char

(R3)

Textile → 0.14CO2+0.26H2+0.11CO + 0.30CH4+0.053C2H4
+0.015C2H6+0.0023C3H8+0.035tar + 0.083char

(R4)

2.2. Numerical Methods

During the pyrolysis, the discrete phase is composed of four types of particles, each of
which includes three components: volatile, volatile, fixed carbon and ash. The density of
the particles remains constant; as volatile precipitates, the mass of the particles decreases
while the volume of the particles decreases. The gas phase is composed of flue gas and
volatile products generated by pyrolysis, where the composition of the volatile components
is determined based on Reactions (R1)–(R4).

2.2.1. Governing Equations

In the process of directly heating materials with high-temperature flue gas, the heat
transfer between the gas and particles is mainly convection heat transfer, and the wall of
the reactor is an adiabatic boundary condition; thus, the influence of radiation heat transfer
is not considered. The governing equations for an incompressible viscous Newtonian fluid
and the discrete jth phase are shown in Table 3.

2.2.2. Model Setup

The simulation model was an 0.08 × 0.08 × 0.5 m cuboid. There was 200 g of material
in the reactor with a 0.06 m stacking height and a preheating temperature of 473 K. Flue
gas entered the reactor from the bottom. The flue gas and volatile products generated by
pyrolysis moved upward through the gaps between the particles and flowed out from the
top outlet. The pressure at the outlet was set as 101,325 Pa, and the walls were assigned
as a no-slip wall. The main parameters used in the simulation are summarized in Table 4.
A flue gas temperature of 1173 K and flue gas velocity of 0.25 m/s were employed as the
base case. The temperature of the flue gas was referenced to the flue gas temperature at
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the outlet of the waste incineration furnace. In practical applications, it can come from
the online combustion of pyrolysis volatiles or from existing flue gas. Five sets of flue gas
temperature (873, 973, 1073, 1173, and 1273 K) and five sets of velocity (0.15, 0.2, 0.25, 0.3
and 0.35 m/s) based on experiments were set to study the effects of flue gas temperature
and velocity on heat transfer characteristics and MSW pyrolysis performance. According
to the experimental materials, the particle size was taken as 10 mm without considering
the influence of internal thermal resistance.

Table 3. Governing equations [24].

Governing equations of gas phase

∂(εgρg)
∂t +∇

(
εgρgug

)
= δ

.
mp (2)

εg = 1 − ∑
Np
i=1 Vd,i

Vc
(3)

∂(εgρgug)
∂t +∇

(
εgρgugug

)
= ∇

(
εgτg

)
− εg∇pg + ρgεgg −

4
∑

j=1
Igp,j

(4)

Igp,j =
1
Vc

Np

∑
i=1

Fd = 1
Vc

Np

∑
i=1

(
−∇Pg(xi)Vi +

βgVi

(1−εg)

(
ug(xi)− vp

)) (5)

∂(εgρg Xi)
∂t +∇

(
εgρgugXi

)
= ∇

(
εgρgDn∇Xi

)
+ Rgi (6)

∂(εgρgCpgTg)
∂t +∇

(
εgρgugCpgTg

)
=

∇
(
εgκg∇Tg

)
+

4
∑

j=1
Qpg,j − ∆Hrg

(7)

Qpg = −∑
Np
i=1 Qgp,i

Vc
(8)

Governing equations of particles

dmp,j
dt =

Ni
S

∑
n=1

Ri
sn,j

(9)

mp,j
dvp,j

dt = mp,jg + Fd,j + Fc,j (10)

Ip,j
dωp,j

dt =
k
∑

j=1,j ̸=i

(
Ln × Ft

ij

)
(11)

Fd,j = −vp∇pg +
βgvp
εs,j

(
vg − vj

)
(12)

Fc,j =
k
∑

j=1,j ̸=i

(
Fn

ij + Ft
ij

)
(13)

Fn
ij = −

(
kn,ijδn,ij − ηn,ij

.
δn,ij

)
nij (14)

Ft
ij =

−(kt,ijδt,ij − ηt,ij
.
δt,ij)tij,

∣∣∣Ft
ij

∣∣∣ ≤ µ
∣∣∣Ft

ij

∣∣∣
−µ

∣∣∣Fn
ij

∣∣∣tij,
∣∣∣Ft

ij

∣∣∣ > µ
∣∣∣Fn

ij

∣∣∣ (15)

mp,jCp,j
dTp,j

dt = Qpg,j + Qpp,j + Qp f p,j − ∆Hrs,j (16)

Qgp,j = hpg,j Ap,j

(
Tg − Tp,j

)
(17)

hpg,j =
Nup,jdp,j

κg
(18)

Nup,j = 2.0 + 0.6Re
1
2
p,jPr

1
3 (19)

Qpp,ij = 4 κp,iκp,j
κp,i+κp,j

√
R2

p,j −
(

R2
p,j−R2

p,i+l2
ij

2lij

)2(
Tp,j − Tp,i

) (20)

The proportions of biomass, plastic, paper, and textiles were 14.29%, 48.21%, 32.14%,
and 5.36%, respectively. During the pyrolysis process, every component followed its own
reaction equation and pyrolysis rate. Because the evaporation of moisture in the material
requires a large amount of heat, the main purpose of preheating is drying, and the preheat-
ing temperature was set at 473 K. Due to the complex composition of MSW, the physical
parameters of different components were obtained through consulting the material manual
during the simulation process without considering the variation of physical parameters
with temperature.
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Table 4. Main parameters used in the simulation.

Parameters Value Unit

Time step 1e–3 s
Outlet pressure 101,325 Pa

Particle diameter 10 mm
Flue gas temperature 873, 973, 1073, 1173, 1273 K

Preheating
temperature 473 K

Flue gas velocity 0.15, 0.2, 0.25, 0.3, 0.35 m/s
Flue gas components N2 (80%), CO2 (20%) %

Biomass Plastic Paper Textile
Mass fraction 14.29 48.21 32.14 5.36 %

Particle density 850 960 1100 800 kg/m3

Specific heat 1600 2700 2200 1300 J/(kg·K)
Thermal conductivity 0.04 0.1 0.06 0.073 W/(m·K)

During the simulation, the time step, the particle phase and the gas phase were
coupled explicitly by the interphase source term, and the particle properties were updated
at each fluid. For the gas phase, the governing equations were discretized based on the
finite volume method (FVM). The SIMPLE algorithm was employed to model the coupling
between the gas velocity and the gas pressure. A flow chart depicting the reactive chemistry
interface implemented in MFix–DEM is presented in Figure 3. The processes added to the
DEM algorithm for reactive chemistry are indicated by dashed lines. For each case, the
physical time for each case was 600 s, which takes about 8 h to complete on a personal
computer with 14 cores.
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3. Results and Discussion
3.1. Model Validation

A preliminary study was performed to facilitate the choice of the appropriate grid
resolution. Figure 4 shows the average temperature of the particles and the gas phase at
different grid sizes. The grid sizes for resolutions 20, 16, and 10 mm are very similar. The
simulations show the process of the average temperature of the particles and gas phase
gradually increasing with time. As the grid size needs to be larger than the particle size,
we chose the average grid resolution of grid size 20 mm for the present simulations.
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Figure 4. Average temperature at different grid sizes. (a) Average temperature of particles; (b) average
temperature of gas.

Figure 5a shows the comparison of gas phase temperature between the simulation
and the experiment. Due to heat dissipation loss, the temperature drop at the connection
between the upper and lower furnaces was approximately 200 K. The timer started when
the temperature of Thermocouple a in the middle of the material was 473 K. The simulated
temperature change was consistent with the temperature change trend measured in the
experiment. The temperature rise rate slowed down between 770 and 800 K, corresponding
to the temperature range of the pyrolysis reaction. At the end of the reaction, the tem-
perature was close to the temperature of the flue gas. Figure 5b,c show the comparison
of product distributions between the simulation and experiment, where in Figure 5c, the
proportions of biomass, plastic, paper, textiles, and kitchen materials were 43.91%, 18.62%,
18.08%, 10.29%, and 9.11%, respectively [31]. The CO prediction value was relatively high,
whereas the C2H4 prediction value was low. This is because the influence of stable levoglu-
cosan radicals generated by biomass pyrolysis was not considered in the simulation, which
inhibited product decomposition into smaller molecules, such as CO, CO2, and CH4 [32].
The predicted yields of char in Figure 5b,c agreed with the experiment. The MSW pyrolysis
process can be predicted using a simulation model of the typical components.

3.2. Individual Pyrolysis of Each Component

To study the temperature distribution and pyrolysis characteristics of materials with
different components during pyrolysis, the individual pyrolysis process of each component
was simulated first. Figure 6 shows the changes in material temperature and stacking height
inside the reactor. Due to the different physical properties such as the specific heat capacity,
thermal conductivity, pyrolysis rate, and pyrolysis heat absorption of different components,
the heating rate and the pyrolysis start and end times of different components are different.
Due to the different densities of different components, the starting stacking height of
materials of the same quality also varies. Due to the different volatiles released by different
components of materials, the height of residue after pyrolysis is also different. However,
the overall trend is consistent; as time goes on, the particle temperature gradually increases.
Due to the gas entering from the bottom of the reactor, the temperature of the bottom layer
particles is higher than that of the top layer particles, and the pyrolysis reaction occurs
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early with a particle size smaller than that of the upper-layer particles. Due to the heat
absorption of the pyrolysis reaction, the temperature of the bottom particles rises slowly
with the top particles not yet reaching the initial reaction temperature. The temperature
continues to rise, and the temperature of the particles at different heights in the reactor
tends to be consistent. The bottom particles complete the pyrolysis reaction earlier, and
their temperature approaches the temperature of the heating gas before the top particles.
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Figure 5. Comparison between simulation results and experimental data. (a) Comparison of gas
phase temperature between the simulation and the experiment; (b) comparison of pyrolysis gas mass
content between the simulation and the experiment; (c) comparison of pyrolysis gas mass content
between the simulation and the reference [31].
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Figure 7 shows the temperature distributions of particles at different times. As the flue
gas was fed from the bottom, the particle temperatures at the bottom increased rapidly, and
the temperature difference between the particles along the height direction was relatively
large. At 50 s, the maximum temperature differences of materials in the bed were 107.77 K
for biomass, 141.57 K for paper, and 184.33 K for textiles. The average temperature gradient
along the height direction was 2.16, 3.14, and 3.18 K/mm, respectively. The temperature
increase rate of plastic was the slowest with a maximum temperature difference of 240.03 K
at 100 s and an average temperature gradient of 4.36 K/mm along the height direction. As
the temperature increased, the particles began to decompose, resulting in a decrease in
particle size and stacking height. As the reaction progressed, the particles in the bottom
entered the endothermal pyrolysis stage, leading to a decrease in the material temperature
difference. The biomass average temperature gradient was 1.81 K/mm at 80 s, and those of
plastic, paper and textile were 1.36 K/mm at 300 s, 1.67 K/mm at 180 s, and 1.79 K/mm
at 160 s, respectively, which is consistent with the results of Reference [33]. When the
pyrolysis of the particles at the bottom was complete, the temperature of the remaining
char increased rapidly [34]. However, the particles at the top were still in the pyrolysis
process, so the temperature difference increased.
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Figure 7. Temperature distribution of particles along the height direction at different times.

The average temperature and mass variations over time during the individual py-
rolysis of the four components are shown in Figure 8a,b. In the heating stage before the
pyrolysis reaction, the textile temperature increased rapidly owing to its higher thermal
conductivity and lower specific heat capacity. During the pyrolysis stage, the average
temperature of the materials increased slowly. The time for biomass to complete pyrolysis
was the shortest, while the time for plastic to complete pyrolysis was the longest. When the
pyrolysis was completed, the particle sizes of the two components were about 63.5% and
46.0% of the original, respectively.

Figure 8c shows the instantaneous mass flow rate of volatile products at the outlet.
Biomass was the earliest to produce volatile products, and the pyrolysis times for textiles,
paper, and plastics were about 1.37, 1.26, and 1.96 times that of biomass, respectively.
The curves of plastic and paper show a fluctuating state, mainly because lower-layer
particle pyrolysis had been completed, whereas the upper-layer particles had not yet
reached the temperature for pyrolysis. The total mass flow rate of the volatile was obtained
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by integrating the curves. The volatile production per gram of materials was 0.72 g/g
biomass, 0.87 g/g plastic, 0.71 g/g paper, and 0.78 g/g textile corresponding to the degree
of pyrolysis of each component.
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During the pyrolysis process, the heat absorbed by the material mainly originates
from the flue gas by convective heat transfer. In this study, the walls were adiabatic, and
the heat absorbed by the pyrolysis system was:

Q = cpgin
·

mgin(Tin − Tout) (21)

where cpgin is the flue gas average specific heat capacity, which is determined by flue gas
temperature;

.
mgin is the flue gas mass flow rate at the inlet, which is determined by flue

gas temperature and velocity, and Tin and Tout are the gas temperatures at the inlet and
outlet, respectively. The heat absorptions required for the pyrolysis of each component are
shown in Figure 9a. At the beginning, the pyrolysis system heat absorption rate was 390 W.
As the material temperature increased, the temperature difference decreased, and the
heat absorption rate gradually decreased. When pyrolysis began, the heat absorption rate
decreased slowly, because the absorbed heat was partly used for heating up the materials
and volatile products generated during the pyrolysis process, and it was partly used to
provide reaction heat. The heat required for biomass pyrolysis was the lowest, followed
by paper and textiles, with plastic the highest, which is consistent with the results of
References [35,36]. During the pyrolysis process, the heat required for material heating and
reaction comes from high-temperature flue gas. The energy efficiency, η, can be expressed
as the ratio of the heat absorbed by the system to the heat provided by the high-temperature
flue gas [37]:

η =
heat absorbed by pyrolysis system

heat supplied by flue gas
× 100% (22)

where the heat absorbed by the pyrolysis system was obtained by integrating the heat
absorption rate. It can be seen from Figure 9b that the energy efficiencies of biomass and
paper were approximately 61% for their less specific heat capacity and thermal conductivity,
while the plastics and textiles energy efficiencies η were approximately 55%. The energy
efficiency was higher than that of Reference [38] for the material being preheated in advance.
The effective heat transfer coefficient (W/(m2K)) during the pyrolysis process was obtained
from the heat absorbed by the pyrolysis system:

he =
Q

As(Tgbed − Ts)
(23)

where As and Ts are the surface area and average temperature of the total particles, re-
spectively, and Tgbed is the average temperature of the gas phase. As shown in Figure 9c,
at the beginning of the heating stage, he was approximately 15 W/(m2K). As pyrolysis
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occurred, he gradually increased. This is the result of the reaction heat absorption, reduction
in particle size, and generation of volatiles. The generation of volatiles can also accelerate
the gas flow rate over the particle surface. The average effective heat transfer coefficients of
the four components were about 38.18 W/(m2K) for biomass, 42.34 W/(m2K) for plastic,
39.20 W/(m2K) for paper and 36.55 W/(m2K) for textiles.
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When flue gas comes into direct contact with materials, the amount of flue gas con-
sumed during the pyrolysis process affects the pyrolysis gas calorific value. The dilution
degree, α, was defined as:

a =
mass of volatile generated + mass of flue gas supplied

mass of volatile generated
(24)

The flue gas consumption, β, was defined as:

β =
mass of flue gas supplied

mass of material
(25)

Figure 9d shows the dilution degree of the volatile, α, and flue gas consumption,
β, of the four components. The flow gas consumption, β, of plastic and biomass was
1.09 and 0.42, respectively, and the dilution degree, α, was 2.23 and 1.58, respectively.
This means that the calorific values of the volatile obtained from pyrolysis was about
44.84% and 63.29%, respectively, of that obtained from indirect heating. Both α and β were
in the order of biomass > textiles > paper > plastic. Due to the dilution of the flue gas, the
calorific value of the product was reduced. In order to ensure the calorific value of the
products during actual operation, the amount of flue gas can be reduced by increasing
the flue gas temperature or reducing the particle size of the material, or by coupling high-
temperature flue gas heating with other heating methods (such as microwave heating) to
improve the heat transfer efficiency.
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3.3. Influence of Material Mixing Methods

Because of the different physical properties and pyrolysis temperatures, the mixing
method affects the temperature increase rate and pyrolysis completion time of each compo-
nent. Mixing methods mainly include layer, column, and uniform stacks [39]. Considering
that most MSW incinerators are grate furnaces, column and uniform stacks were examined
in this study, with each component weighing 50 g. When setting up a four-grid stacking
case, the reactor was divided into four grid areas, and corresponding materials were placed
in each grid area, as shown in Figure 10a. The four-column stacking is similar, dividing the
area into four vertical columns, and filling the corresponding materials in each area, such as
in Figure 10b. Uniformly mixed stacking is the process of blowing a gas with a temperature
of 473 K at a high gas velocity into a four-column stack, allowing the particles to move
freely in a fluidized state. After blowing for 5 s, the blowing stops, causing the particles to
fall naturally due to gravity, resulting in uniformly mixed stacking, such as in Figure 10c.
Among them, gray particles represent biomass, red particles represent plastic, blue particles
represent paper, and green particles represent fabric. It can be seen that as time goes on, the
material gradually heats up and undergoes pyrolysis, the particle size decreases, and the
stacking height decreases until the reaction stops, after which the stacking height remains
unchanged. Similar to the conclusion of individual pyrolysis, the biomass particles react
faster under each stacking method. The plastic starts to react last, but the particle size is the
smallest after the reaction is completed.
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Figure 11 shows the variations in the average particle temperature and particle size of
each component with different mixing methods. Compared with the individual pyrolysis
of each component in Figure 8a, different stacking methods had little effect on the pyrolysis
of biomass particles. However, after 200 s, the temperature increase rate of the coke
decreased due to the influence of the pyrolysis of other components. The temperature
increase rate of plastics under different stacking methods was higher than that of individual
pyrolysis. When the plastic had not yet started to decompose, the temperature increase
rate was the fastest when uniformly stacked. Later, it was affected by the pyrolysis of
other components, and the temperature increase rate was the fastest when there was a
four-cell stack. When there was a uniform stack, the completion time of pyrolysis was 325 s,
which was approximately 92.85% of the pyrolysis time when there was a four-cell stack. A
uniform stack can shorten the pyrolysis completion time.
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particle temperature.

3.4. Influence of Flue Gas Temperature

The flue gas temperature is one of the key factors affecting the pyrolysis process of the
material. The heat carried by flue gas varies with temperature, which in turn affects the heat
absorbed by particles per unit time. Figure 12a,b show the variations of the average particle
temperature and particle diameter with time at different flue gas temperatures when there
was a uniform stack. The average temperature was the mass-weighted temperature of the
four components. The higher the flue gas temperature, the faster the particle temperature
increased, resulting in a decrease in the pyrolysis time, but the magnitude of the decrease
was smaller and smaller, which was in accordance with the results of Reference [40]. The
time required for pyrolysis at a flue gas temperature of 1273 K was about 0.65 times that at
a flue gas temperature of 973 K.
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There were three small peaks in the temperature increase rate during the pyrolysis pro-
cess, as shown in Figure 12c. These peaks were related to the pyrolysis of each component.
The first decrease corresponded to biomass pyrolysis, the second corresponded to paper
and textile pyrolysis, and the third corresponded to plastic pyrolysis. When the pyrolysis
reaction occurred, the heat absorbed by the material was used to provide the reaction heat,
which reduced the temperature increase rate of the material. After pyrolysis was completed,
the temperature of the remaining char with a smaller diameter increased rapidly.

Figure 13a shows the heat absorbed by materials at different flue gas temperatures.
At the beginning of the heating stage, the heat absorption was 433.77 W at 1273 K, which
was greater than that of 347.34 W at 973 K. As the material temperature increased, the
temperature difference between the flue gas and the materials decreased, and the heat
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absorbed by the materials gradually decreased. The influence of flue gas temperature
on energy efficiency is shown in Figure 13b. The energy efficiency was about 61.69% at
1273 K, which was 1.38 times that at 973 K. The influence of flue gas temperature on he
is shown in Figure 13c. A higher temperature can enhance the heat transfer efficiency
between the gas and the particle surface. At 200 s, the heat transfer coefficient can reach
approximately 28.05 W/(m2K) at 973 K and 46.67 W/(m2K) at 1273 K. The averaged heat
transfer coefficients at the different flue gas temperatures of 973, 1073, 1173, and 1273 K
during the pyrolysis process were 40.62, 42.46, 43.13 and 44.45 W/(m2K), respectively.
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Figure 13d shows the effects of flue gas temperature on the dilution degree, α, and
flue gas consumption, β. Higher flue gas temperatures can strengthen the heat transfer
efficiency and shorten the pyrolysis reaction time, resulting in lower flue gas consump-
tion, which is consistent with the result of Reference [41]. As the flue gas temperature
increased from 973 to 1273 K, the gas consumption per unit mass of material decreased
from 1.58 to 0.78 g/g material, and the dilution degree decreased from 2.68 to 1.84 g/g.

3.5. Influence of Flue Gas Velocity

The flue gas velocity is a key factor affecting the heat transfer coefficient of the material
surface. With an increase in the flue gas velocity, the average particle temperature increased
rapidly, but the magnitude of the increase gradually decreased, as shown in Figure 14.
At 200 s, when the flue gas velocity increased from 0.15 to 0.2 m/s, the average particle
temperature increased from 626.8 to 663.9 K with a difference of 37.1 K. When the flue gas
velocity increased from 0.3 to 0.35 m/s, the average particle temperature increased from
717.6 to 733.3 K with a difference of 15.7 K. As time progressed, when pyrolysis was com-
pleted, the average temperature of particles at different flue gas velocities tended toward
the flue gas temperature. With an increase in the flue gas velocity, the average particle
diameter decreased rapidly, too. When the flue gas velocity increased from 0.15 to 0.35 m/s,
the pyrolysis completion time was shortened by 41.39%. Figure 14c shows the influence
of the flue gas velocity on the temperature increase rate of materials. When the flue gas
velocity was 0.35 m/s, the temperature increase rate of the material was the fastest, reaching
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1.33 K/s. The material first reached the pyrolysis temperature and began to decompose. At
this time, a portion of the absorbed heat was used to provide pyrolysis, and the temperature
increase rate decreased. At 240 s, the lowest heating rate was about 0.15 K/s. As the flue gas
velocity decreased, the temperature increase rate decreased. When the flue gas velocity was
0.15 m/s, the temperature increase rate was 0.55 K/s. At 425 s, the heating rate dropped to
the lowest, about 0.04 K/s.
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Figure 14. Influence of flue gas velocity. (a) Average particle temperature; (b) average particle
diameter; (c) average temperature increase rate.

The amount of heat absorbed by the pyrolysis system at different flue gas velocities is
shown in Figure 15a. The heat absorbed by pyrolysis at 0.35 m/s was 2.33 times that of
0.15 m/s at the initial time. After the pyrolysis was complete, the heat absorbed by the
remaining char with a smaller diameter decreased rapidly.
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The influence of flue gas velocity on he is shown in Figure 15b. As the reaction began,
he gradually increased, and the larger the flue gas velocity, the greater the he. The main
reason was that as the particle temperature increased and the pyrolysis progressed, the
surface area and temperature difference between the particles and gas decreased. At 200 s,
the heat transfer coefficient can reach approximately 18.93 W/(m2K) at 0.15 m/s and
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64.42 W/(m2K) at 0.35 m/s. And the averaged heat transfer coefficients at different flue gas
velocities during the pyrolysis process are shown in Figure 15c. The average surface heat
transfer coefficient at a flue gas velocity of 0.35 m/s was about 1.5 times that of 0.15 m/s.

Figure 15d shows the influence of flue gas velocity on the dilution degree, α, and flue
gas consumption, β. High velocity can enhance the heat transfer between the flue gas and
the material surface but shorten the residence time of the flue gas in the bed [42]. As the
flue gas velocity increased from 0.15 to 0.35 m/s, the gas consumption per unit mass of
material increased from 0.79 to 1.08 g/g material, and the dilution degree increased from
1.84 to 2.15 g/g material. The flue gas consumption amount at 0.35 m/s was 1.37 times
of that at 0.15 m/s. This means that the calorific value of the volatiles obtained from the
pyrolysis process heated by the flue gas at 0.35 m/s was about 46.51% of that obtained
from indirect heating.

4. Conclusions

Numerical simulation is an important method for studying the heat and mass trans-
fer characteristics of a solid waste pyrolysis process. The current homogeneous model
assumes that different components of MSW start pyrolysis with the same rate at the same
temperature and end the reaction at the same time. In this study, a refined numerical
simulation model for the pyrolysis of four typical MSW components directly heated by
high-temperature flue gas was established. The heat transfer characteristics of MSW pyrol-
ysis were studied, and the effects of the mixing method of material, flue gas temperature,
and flue gas velocity on the particle temperature increase rate, heat transfer efficiency,
energy efficiency, and gas consumption were analyzed. The numerical simulation model
established in this study can be used to predict the pyrolysis process of different mate-
rial components, and the research results are of great significance for the promotion and
application of pyrolysis technology for MSW with high-temperature flue gas. The main
conclusions are as follows.

The temperature difference of the four components along the bed height direction was
1.36–1.81 K/mm, and the energy efficiency was 55–61%.

When the materials were uniformly mixed, the temperature rise rates of different
components were similar, while the pyrolysis time varied. A uniform stack can shorten the
pyrolysis completion time.

When the flue gas temperature increased, the energy efficiency increased and the
amount of gas consumption and the dilution degree of volatile decreased. When the flue
gas temperature increased from 973 to 1273 K, the pyrolysis time decreased by 34.37%.
When the flue gas velocity increased, the energy efficiency decreased slightly, and the flue
gas consumption increased.

The numerical simulation model established in this study can be used to predict the
heat transfer characteristics and flue gas consumption of the pyrolysis process of different
raw material components, and it can be used for the design and optimization of actual
pyrolysis reactors. Additionally, in the simulation process, all components of MSW were
simplified as spherical shapes. In fact, the various components of MSW have different
shapes; for example, plastic may be in the form of sheets or strips, and biomass may be in
the form of columns or sheets. In later research, it is also necessary to consider the influence
of shape on heat transfer and reaction characteristics.
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Abbreviations

Nomenclature Tg Temperature of gas phase, K
Ap,i Surface area of particles i, m2 Tg,Ω Temperature of gas phase in the

domain Ω, K
CD Drag coefficient Tp,i, Tp,j Temperatures of particles i and j, K
Cp,g Specific heat capacity of gas phase, J·kg−1·K−1 TRg Radiation temperature of gas phase, K
Cp,j Specific heat capacity of particles i, J·kg−1·K−1 ug Velocity vector of gas phase, m·s−1

d Thickness of gas layer, m vp Velocity vector of particles j, m·s−1

dp Particles diameter, m Vc Volume of computational cell, m3

Fc Contact force exerting on a specific particles, N Xn Mass fraction of nth species
Fd Gas force exerting on a specific particles, N
Fn

ij , Ft
ij Normal and tangential contact forces between

particles i and j, N Greek symbols
g Gravitational acceleration, m·s−2 α (Mass of volatile generated + mass of flue gas

supplied)/mass of volatile generated, g/g
hpg,j Convective heat transfer coefficient,

W·m−2·K−1 β Mass of flue gas supplied/mass of
material, g/g

htotal Pyrolysis effective heat transfer coefficient,
W·m−2·K−1 βg Inter-phase momentum exchange

coefficient, kg·m−3·s−1

Igp,j Momentum exchange between the gas and
jth phase particles, N·m−3 εg Void fraction

Ip,j Moment of inertia of a specific particles, kg·m2 ep,j Emissivity of particles j
kn,ij, kt,ij Normal and tangential spring coefficients,

N·m−1 η Energy efficiency, %
lij Distance between particles i and j, m ∆Hrg Heat source of gas phase due to chemical

reaction, W·m−3

nij Normal unit vector between particles i and j ∆Hrs,j Heat source of particles j due to chemical
reaction, w·m−3

Np Particles number κg Gas thermal conductivity, W·m−1·K−1

Np,Ω Particles number in the domain Ω κp,i, κp,j Thermal conductivity of particles i and j,
W·m−1·k−1

Nup,j Nusselt number of particles j γRg Radiative heat transfer coefficient of gas
phase, W·m−2·K−4

Pg Gas pressure, Pa ηn,ij, ηt,ij Normal and tangential damping
coefficients, kg·s

Pr Prandtl number δn,ij, δt,ij Normal and tangential overlap
displacements, m

Q Heat absorbed by the material in pyrolysis µ Friction coefficient
Qpg ,j Gas particles convective heat transfer

rate, W·m−3 µg Gas viscosity, kg·m−1·s−1

Qp f p,j Particles–gas particles conductive heat
transfer rate, W·m−3 ρg, ρp Gas and particles density, kg·m−3

Qpp,j Particles–particles conductive
heat transfer rate, W·m−3 ωp,j Particles angular velocity, s−1

Qrad,j Radiative heat transfer rate, W·m−3

R Gas constant, J·mol−1·K−1 Subscripts
Rep,j Particles Reynold number g Gas phase
Rp,i, Rp,j Diameters of particles i and j, m i Particles i
t Time instants ij Interactions between particles i and j
Tenv Temperature of environment, K j Particles j
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