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Abstract: The operating conditions of municipal solid waste incineration (MSWI) are influenced by
manipulated variables, such as the feed rate, primary air, and grate speed, as well as non-manipulated
variables, such as municipal solid waste (MSW) particle size, mixing coefficient, emissivity, moisture
content, and the ratio of C to O. Based on the actual data of an MSWI plant in Beijing, a non-
manipulated variable single-factor analysis of solid-phase combustion in the furnace was carried out
based on the biorthogonal numerical simulation experiment. First, a solid-phase combustion analysis
of the MSWI process was performed for non-manipulated variables, with the main non-manipulated
variables determined. Then, based on FLIC 2.3c software, the numerical model was established under
benchmark operating conditions. Based on the biorthogonal experiment, several groups of numerical
model inputs were designed to generate mechanism data in multi-operating conditions. Finally, a
multi-condition numerical simulation experiment was used to study solid-phase combustion under
different conditions and analyze non-manipulated variables. The simulation results showed that the
maximum solid temperature was 1360 K under the benchmark operating condition and ranged from
1120 to 1470 K under five conditions. Large-size particles and large emissivity were beneficial to solid-
phase combustion, while high moisture content and a large mixing coefficient weakened combustion.
The results provide support for the subsequent optimal control of the whole MSWI process.

Keywords: municipal solid waste incineration (MSWI); numerical simulation; orthogonal experimen-
tal design; multi-operating conditions; single-factor analysis

1. Introduction

The quantity of municipal solid wastes (MSWs) has increased rapidly with the develop-
ment of the economy and residents’ living standards [1]. According to statistics, the annual
growth rate of MSWs in the world has reached 8%, and it is expected to reach 9.5 billion
tons in 2050 [2]. This will put great pressure on the sustainable development of cities and
the purification of the surrounding environment. At present, the treatment methods of
MSWs include landfilling, composting, and incineration. MSWI is a mature waste-to-energy
technology with waste reduction, resource utilization, and harmlessness [3]. MSWI has
been widely used worldwide, especially in developing countries (e.g., China and India).

The MSWI process simulation includes the experimental method and the mathematical
modeling method. The numerical simulation belongs to the latter. It is a flexible tool that can
simulate various actual operating conditions. Shin [4] and Goh [5] used MSW combustion
on grates as a 1D fixed bed, which was treated as a continuous porous medium to establish a
mathematical model. Based on previous research, the research team at Sheffield University
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developed a solid-phase combustion model for grates (FLIC for short) [6]. The model
reliably simulates the MSWI process and predicts velocity, pressure, temperature, and
composition distribution. Later, FLIC is used to build various incineration plant models.
Yang [7] and Yu [8] established a straw-burning model to analyze burning conditions under
an oxygen-enriched atmosphere. A theoretical basis is provided for the structural design
and optimized operation conditions. Ryu [9], Goddard [10], and Ismail [11] built a full-size
FLIC model of the MSWI plant to predict gas temperature and composition distribution. A
good agreement is found between predicted values and experimental data.

The parameter analysis and optimization are carried out based on the FLIC incineration
model. Yang et al. [12–15] evaluated the influences of fuel moisture, fuel size, particle
mixing level, volatile matter release rate, primary airflow, and feeding on combustion. Yan
et al. [16,17] studied the influence of primary air temperature on MSW combustion. The
release rate of volatile matter increases with the increased temperature, which increases
the local maximum temperature in the furnace. It provides a theoretical foundation for
controlling the local high temperature in the furnace within a reasonable range. The
research of Alima et al. [18] showed that the low mixing degree between MSW and air
leads to insufficient combustion. In addition, the solution to increase the stacking height of
MSWs is put forward. Liang et al. [19] studied the influences of grate speed and oxygen
concentration on pollutant emissions. NO emissions decrease, and CO emissions increase
with the increased grate speed. Hu et al. [20] believed that the optimal NOx control method
is the combination of 100% load and 31% excess air coefficient. Lin et al. [21] coupled
FLIC with CFD to study the co-disposal of sludges and MSWs. The suitable maximum
sludge-mixing rate is 13% for the incinerator. Chen et al. [22] divided the temperature field
into furnaces. Feeding, grate speed, and primary air are the key manipulated variables
influencing temperature distribution.

The above research shows that FLIC is widely used in MSWI combustion modeling.
However, few studies have analyzed non-manipulated variable parameters [13,15]. The
actual specific incinerator should be modeled due to the difference in the incinerator
structure and industrial parameters. The influence of different operating conditions and
non-manipulated variable parameters on the combustion effect ought to be studied in terms
of low pollution-emission robust control. This work establishes a solid-phase combustion-
simulation incineration model in the furnace for an actual running MSWI plant in Beijing
by FLIC. The main novelty of this work is as follows.

(1) The solid phase combustion numerical model was constructed and verified in
terms of the actual benchmark working condition of an actual running MSWI plant in
Beijing, China.

(2) A multi-condition data-generation method based on the simulation model was
proposed using a biorthogonal experiment.

(3) The law of non-manipulated variables affecting solid-phase combustion in the
furnace was discussed. These results provide a theoretical basis for robust control of the
MSWI process in terms of low pollution emissions.

2. Solid-Phase Combustion Analysis of the MSWI Process for
Non-Manipulated Variables
2.1. Description of Solid Phase Combustion in the Furnace

Figure 1 shows the process flow of the grate-type MSWI in Beijing.
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Figure 1. Process flow of an MSWI plant in Beijing.

The MSWI process is divided into six stages: solid waste storage and transportation,
solid waste combustion, heat recovery boiler, steam electric power, flue gas cleaning, and
flue gas emission (Figure 1). The details are as follows: MSWs are collected and transported
by vehicles to the MSWI plant, where they undergo fermentation and dehydration processes
to ensure their attainment of a low calorific value. MSWs are hoisted and put into the feed
hopper of the incinerator and then pushed into the incinerator by the feeder, which passes
through drying, burning 1 and 2, and the burnout grate. The flue gas is pumped into the
waste heat recovery system by the induced draft fan, which generates high-temperature
steam after heat exchange with liquid water in the boiler drum. The flue gas at the outlet of
the boiler enters the reactor and the bag filter in turn, where acidic gas, particles, and active
carbon adsorbates are removed from the flue gas. The induced draft fan discharges the flue
gas from the stack into the environment. The tail gas contains HCl, SO2, NOx, dioxins, and
other substances.

Solid-state combustion in the furnace refers to the process of MSW combustion on
the grate. MSWs are assumed to be spherical particles, which eventually transform into
ashes through processes such as drying, release of volatile matter, combustion, and char
oxidation [23]. Figure 2 presents the combustion process of the MSW particles.
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Figure 2. Combustion process and changes in MSW particles.

Figure 2 shows that the drying process is mainly moisture evaporation in the first stage,
which can be attributed to the radiation heating of the furnace wall and the convection
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heat transfer of primary air. The second stage is volatile release, which occurs in the front
section of the burning 1 grate. Organic matter in MSWs is decomposed and released as
gases (CmHn and CO). Volatile matter reacts violently with O2, and the remaining MSWs
gradually form char at the third stage. It occurs at the back section of burning 1 and 2 grate,
which is the main combustion area on the grate. The fourth stage occurs in the burnout
grate. The remaining MSWs (char) continue to react with O2, and carbon is oxidized to
produce CO and CO2. As char is exhausted, the flame goes out with only ashes remaining.

2.2. Non-Manipulated Variable Analysis of Influencing the MSWI Process

Manipulated variables pertain to controllable factors within the operational MSWI
plant, encompassing feedstock, grate speed adjustment, and primary air regulation. Non-
manipulated variables cannot be directly manipulated by experts in terms of the distributed
control system in the operating process. Some non-manipulated variables affecting solid-
phase combustion are as follows.

(1) When MSWs are assumed to be spherical particles, large-size particles reduce heat
transfer radiation and lead to a low thermal effect [24]. More voids are produced, which
increases the air amount around MSW particles. This makes gas flow more easily, with
increased disturbance and combustion speed.

(2) Particle mixing means that MSW particles on the bed vibrate, exchange positions
with neighboring particles and change shapes. Figure 3 shows the relationship between
oxygen and temperature fluctuations measured at the outlet of the furnace and the grate
movement [25]. The particle’s mixing degree is changed by the grate movement, which has
a distinguished impact on combustion.
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(3) The radiation source in the furnace generally comes from the furnace wall, and
emissivity reflects the ability of the furnace wall to radiate energy.

(4) Moisture content mainly affects the moisture evaporation process in the first stage.
MSWs with high water content have a long drying period, which weakens the combustion
process and leads to low temperatures [26].

(5) C, H, O, and N are abundant in MSWs. Theoretically, the higher the C content, the
larger the calorific value of MSWs, and the better the combustion performance.

To sum up, the particle size, mixing coefficient, emissivity, moisture content, and C:O
ratio are the key factors affecting solid-phase combustion.

3. Materials and Methods
3.1. Materials

According to the actual MSWI process design, the incineration operation is stable, and
the furnace temperature is kept above 850 ◦C when a set of operating parameters (e.g., the
feed rate, grate speed, and primary air) are given. It is called the benchmark operating
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condition for the studied MSWI plant in Beijing. Tables 1 and 2 list the MSW properties
and the operating condition benchmark of an incineration power plant in Beijing.

Table 1. MSW properties.

Proximate
(as a Received Basis, wt%)

Ultimate
(as a Dry Ash-Free Basis, wt%)

Moisture 48 C 65.2
Volatile matter 33.31 H 8.09
Fixed carbon; 8.08 O 24.93

Ash 10.61 N 1.12
S 0.24

Table 2. Specifications and operating parameters of incinerators.

Parameter Value

Capacity, t/d 628.8
Type of grate Reciprocating grate

Grate length × width, m 11 × 12.9
Grate speed, m/h 8

Primary airflow, Nm3/h 67,500
Air temperature, ◦C 200
Air distribution, % 24.31, 43.35, 19.27, and 13.07

The MSW capacity is 628.8 t/d, with a grate length of 11 m and a width of 12.9 m
(Table 2). The primary airflow is 67,500 Nm3/h, and the air temperature is 200 ◦C. Primary
air enters the bed from four independent parts below grate, and the flow rate of each part
accounts for 24.31, 43.35, 19.27, and 13.07% of primary air, respectively.

3.2. Methods

The orthogonal experiment can be used to study multi-factor and multi-level experi-
ments. According to the principle of orthogonality, a subset of representative points is se-
lected from the comprehensive experiments for further investigation, and the experimental
results are typically regarded as consistent with those obtained from comprehensive experi-
ments [27]. Based on a biorthogonal numerical simulation experiment, a non-manipulated
variable single-factor analysis method of solid-phase combustion in the MSWI process is
proposed to obtain a considerable number of combustion conditions. Figure 4 presents the
specific implementation process.

3.2.1. Numerical Model Construction of the Benchmark Operating Condition

Software FLIC was used to establish a numerical model of the benchmark operating
condition of an actual incineration plant in Beijing. The model for solid-phase combus-
tion, along with the fundamental conservation equations and other relevant equations, is
presented below.

Solid Phase Combustion Model in the Furnace

Figure 2 shows a numerical model of the MSW combustion process, which is called
the solid-phase combustion model. This model contains four sub-models: moisture evapo-
ration, volatile release, volatile combustion, and char oxidation [6].

(1) Evaporation of the moisture sub-model
MSWs are heated to release moisture due to radiation from the flame and furnace

walls. Meanwhile, the convection of primary air at the bottom of the grate carries away
some moisture. The evaporation rate [6,28] is defined by:

Revp =

{
Sahs(Cw,s − Cw,g), Ts < 100 ◦C

Qcr/Hevp, Ts = 100 ◦C
(1)
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where Revp is the rate of water evaporation; Sa is the particle surface area; hs is the convec-
tive mass transfer coefficient with MSWs when the gas flows; Ts is the MSW temperature;
Cw,s and Cw,g are water content in MSWs and the mixed gas, respectively; Hevp is the heat
of water evaporation; Qcr is the heat that MSWs absorb during radiative and convective
heat transfer.
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(2) Sub-model of the volatiles’ release
The MSW temperature quickly reaches the temperature of releasing volatiles after

water evaporation, and char is generated slowly by the rest of the MSWs. The release
process of the main volatile matter (CmHn, H2O, CO2, and CO) [6] in MSWs is defined by:

MSW→ Volatile(CmHn, CO, CO2, H2O) + Char (2)

The one-step global reaction model [29] is used because of its simplicity and accuracy.
The reaction rate is directly proportional to the temperature and residual volatile in the
model (Equation (3)).

RV = ρsb(v∞ − v)AV exp
(
− EV

RTs

)
(3)

where RV is the release rate of volatiles; v∞ is the final production of the gas released; v is the
amount of the gas released at time t; R is the ideal gas constant; AV is the pre-exponential
factor in devolatilization; EV is the active state energy of the chemical reaction.

(3) Sub-model of volatiles’ combustion
The gas released in the previous stage burns immediately after mixing with air. The

combustion reactions of CmHn and CO are defined by:

CmHn + (m/2 + n/4)O2 → mCO + n/2H2O (4)
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CO + 1/2O2 → CO2 (5)

Equations (6) and (7) show the kinetic rates of CmHn and CO, respectively [30].

RCmHn = 59.8TgP0.3C0.5
CmHn

CO2 exp
(
−12200/Tg

)
(6)

RCO = 1.3× 1011CCOC0.5
H2OC0.5

O2
exp(−62700/Tg) (7)

where Tg represents the MSW temperature.
The eddy-break-up concept assumes that the mixing rate of volatiles with air is

proportional to the pressure drop of the MSW bed. Therefore, the mixing rate based on the
Ergun equation [11] is defined by:

Rmix = Cmixρg

{
150

Dg(1− φ)2/3

d2
pφ

+ 1.75
Vg(1− φ)1/3

dpφ

}
min

{
Cfuel
Sfuel

,
CO2

SO2

}
(8)

where Cmix is the empirical constant; ρg is the gas density; C is the mass fraction of the
participating mixtures; Dg is the mass diffusion coefficient of the gas; dp is the MSW particle
size; φ is the bed void; S is the coefficient of the combustion reaction.

The minimum kinetic rate and mixing rate are taken as the combustion rate of volatile
matter (Equation (9)).

R = min(Rkinetics, Rmix) (9)

(4) Sub-model of char oxidation
MSWs gradually form char with the release of volatiles. The carbon further reacts

with air and generates CO and CO2 according to the amount of O2 during combustion
(Equation (10)) [31].

C(s) + αO2 → 2(1− α)CO + (2α− 1)CO2 (10)

where the stoichiometric coefficient α ranges from 0.5 to 1 according to Arthur’s law [31].
The oxidation rate of char [28] is defined by:

RC =
PO2

1
kr
+ 1

kd

(11)

where RC is the oxidation rate of char; PO2 is the pressure at which O2 is divided during
combustion; kr is the rate of chemical kinetics; kd is the diffusion rate.

Basic Conservation Equation

There is an exchange of reaction heat and mass between MSWs and gases in the bed,
considering porous media. Therefore, it is necessary to establish a conservation equation of
continuity, momentum, and energy using the MSW bed.

The mass continuity of the gas and solid phases [26] is defined by:

∂
(
ρgφ

)
∂t

+∇·
(
ρgφ

(
Vg −VB

))
= Ssg (12)

∂ρsb
∂t

+∇·(ρsb(Vs −VB)) = Ss (13)

where Vg and Vs are the gas velocity and MSW particle velocity, respectively; VB is the
speed of moving the boundary; Ssg is the rate at which MSWs are converted into gases due
to water evaporation, devolatilization, and char oxidation; Ss is the source term of MSW
particle mass.
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The accumulation of MSW forms numerous irregular and narrow gaps. As a result,
there is no large-scale turbulence in the MSW bed. The momentums of the gas and solid
phases [32] are defined by:

∂
(
ρgφVg

)
∂t

+∇·
(
ρgφ

(
Vg −VB

)
Vg
)
= −∇pg + F(v) (14)

∂(ρsbVs)

∂t
+∇·(ρsb(Vs −VB)Vs) = −∇·σ−∇·τ + ρsbg + A (15)

where ρg is the pressure of the mixed gas in the MSW bed; F(v) is the resistance of MSWs
to gas flow in the gap; σ and τ are the normal stress tensor and tangential stress tensor,
respectively; A is the random motion of MSW particles.

The energy of the gas and solid phases [6] is defined by:

∂
(
ρgφHg

)
∂

+∇·
(
ρgφ

(
Vg −VB

)
Hg
)
= ∇·

(
λg∇Tg

)
+ Sah′s

(
Ts − Tg

)
+ Qh (16)

∂(ρsbHs)

∂t
+∇·(ρsb(Vs −VB)Hs) = ∇·(λs∇Ts)− Sah′s

(
Ts − Tg

)
+∇·qr + Qsh (17)

where Hg is gas enthalpy; Hs is solid phase enthalpy; Qh is the heat gain or loss of the gas;
Qsh is the source term of the MSW particles’ heat; qr is the radiant heat flux; λg is the heat
dispersion coefficient consisting of turbulence and diffusion; λs indicates is the thermal
conductivity of the MSW bed.

Equations of Species Transport and Heat Radiation Transfers

The species transport equations [6] used to simulate the interaction between the
mixtures are shown as follows after the conservation equation is established.

∂
(
ρgYi,gφ

)
∂t

+∇·
(
ρgφ

(
Vg −VB

)
Yi,g
)
= ∇·

(
Dig∇

(
ρgYi,g

))
+ SYi,g (18)

∂(ρsbYi,s)

∂t
+∇·(ρsb(Vs −VB)Yi,s) = ∇·(Ds∇(ρsbYi,s)) + SYi,s (19)

where Yi,g is the mass fraction of a single component (CmHn, CO, CO2, H2, and H2O);
Source term SYi,g shows the mass source of volatile gases and char during evaporation,
devolatilization, and combustion; Yi,s is the mass fractions of MSW particle compositions;
SYi,s is the mass source of MSW particle compositions; Dig is the fluid dispersion coefficient
composed of diffusion and turbulence contributions; Ds, the mixing coefficient of particles
in the bed, depends on the grate’s motion frequency.

The radiation source in the furnace generally comes from the wall. Radiant heat
transfer transports the heat generated by the combustion reaction to the top layer of the
bed. Energy is provided for moisture evaporation, MSW pyrolysis, and other endothermic
solid-phase reactions in the top layer [33]. Generally, it is expressed by a four-way radiation
model [34].

dI+x
dx

= −(ka + ks)I+x +
1
4

kaEb +
1
4

ks
(

I+x + I−x + I+z + I−z
)

(20)

−dI−x
dx

= −(ka + ks)I−x +
1
4

kaEb +
1
4

ks
(

I+x + I−x + I+z + I−z
)

(21)

dI+z
dz

= −(ka + ks)I+z +
1
4

kaEb +
1
4

ks
(

I+x + I−x + I+z + I−z
)

(22)
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−dI−z
dz

= −(ka + ks)I−z +
1
4

kaEb +
1
4

ks
(

I+x + I−x + I+z + I−z
)

(23)

where I+x , I−x , I+z , and I−z are radiation intensity in four directions, respectively; ka and ks
are the coefficients of absorption and scattering for the radiation process, respectively; Eb is
the radiation of the blackbody; ks is approximately zero; ka [12] is defined by:

ka = −
1

dp
ln(φ) (24)

3.2.2. Numerical Simulation Experiment of Biorthogonal Multi-Operating Conditions

The design process of the orthogonal experiment with double coupling is as follows
(Figure 4). (1) Determine the experimental factor n and its level number m. Orthogonal
experiment table Lk(mn) can be obtained by replacing the comprehensive experiment with
the orthogonal experiment. According to this orthogonal table, k experimental cases can be
obtained. (2) Based on the k cases of the first orthogonal experiment, their experimental
factors p and their level numbers q are re-determined to obtain k orthogonal experimental
tables (Ll(pq)). (3) Finally, k × l experimental cases are obtained by the orthogonal table.

The orthogonal experimental method of double coupling is applied to design the
multi-operating conditions of solid-phase combustion. Tables 3 and 4 list the orthogonal
experimental settings in the first and second stages.

Table 3. Orthogonal experiment settings in the first stage.

Factor Level Value

Manipulated variables

Feeding, m/h 7, 7.5, 8, 8.5, and 9
Grate speed, t/h 24.2, 24.7, 25.2, 25.7, and 26.2

Primary air in drying, Nm3/min 268, 274, 280, 286, and 292
Primary air in burning 1, Nm3/min 477, 488, 499, 510, and 521
Primary air in burning 2, Nm3/min 211, 216, 221, 226, and 231
Primary air in burnout, Nm3/min 144, 147, 150, 153, and 156

Non-manipulated variables

Particle size, mm 15, 20, 25, 30, and 35

Particle mixing coefficient 2 × 10−6, 3 × 10−6, 4 × 10−6, 5 × 10−6,
and 6 × 10−6

Moisture content, % 48, 49.75, 51.5, 53.25, and 55
C:O (58:33), (59:32), (60:31), (61:30), and (62:29)

Table 4. Orthogonal experiment settings in the second stage.

Factor Level Value Factor Level Value

Grate speed, m/h

6.6, 6.7, 6.8, 6.9, and 7

Feeding, t/h

24.2, 24.3, 24.4, 24.5, and 24.6
7.1, 7.2, 7.3, 7.4, and 7.5 24.7, 27.8, 24.9, 25, and 25.1

7.6, 7.7,7.8, 7.9, and 8 25.2, 25.3, 25.4, 25.5, and 25.6
8.1, 8.2, 8.3, 8.4, and 8.5 25.7, 25.8, 25.9, 26, and 26.1
8.6, 8.7, 8.8, 8.9, and 9 26.2, 26.3, 26.4, 26.5, and 26.6

Primary air in drying,
Nm3/min

255, 256.8, 258.6, 260.4, and 262.2

Primary air in burning 1,
Nm3/min

455, 458.2, 461.4, 464.6, and 467.8
264, 265.8, 267.6, 269.4, and 271.2 471, 474.2, 477.4, 480.6, and 483.8
273, 274.8, 276.6, 278.4, and 280.2 487, 490.2, 493.4, 496.6, and 499.8
282, 283.8, 285.6, 287.4, and 289.2 503, 506.2, 509, 513, and 515.8
291, 292.8, 294.6, 296.4, and 298.2 519, 522.2, 525.4, 528.6, and 531.8

Primary air in burning 2,
Nm3/min

203, 204.4, 205.8, 207.2, and 208.6

Primary air in burnout,
Nm3/min

137, 138, 139, 140, and 141
210, 211.4, 212.8, 214.2, and 215.6 142, 143,144, 145, and 146
217, 218.4, 219.8, 221.2, and 222.6 147, 148, 149, 150, and 151

224, 225.4, 227, 228, and 229.6 152, 153, 154, 155, and 156
231, 232.4, 233.8, 235.2, and 236.6 157,158, 159, 160, and 161
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Table 3 shows that 10 parameters are selected as the factors of the orthogonal ex-
periment. Feeding, grate speed, and primary air reflect changes in operating conditions.
The moisture content and the mass ratio of C to O reflect that the compositions of MSWs
fluctuate within a certain range. The MSW particle size and mixing coefficient can reflect
the accumulation and movement of particles when the grate moves. The parameter range is
determined by experience, and five levels are taken at equal intervals within the parameter
range. The factors and levels in Table 3 are set as the first-stage orthogonal experiment
in Figure 4, that is, m = 10 and n = 5. The orthogonal design tool is used to generate an
orthogonal list that can automatically match the most consistent orthogonal list (L49(510)).
Therefore, k = 49. Similarly, the factors and levels in Table 4 are set as the second-stage
orthogonal experiment. Therefore, p = 6 and q = 5. Orthogonal experiment list L42(56) is
obtained and designed l = 42 by the orthogonal design tool. To sum up, a total of 2058
(49 × 42) operating conditions are designed.

3.2.3. Single Factor Analysis of Non-Manipulated Variables

The work studied the influences of non-manipulation parameters on solid-phase
combustion, including the MSW particle size, particle mixing coefficient, moisture content,
ratio of C to O, and emissivity. Mechanism data have been obtained by the biorthogonal
numerical simulation experiment. Therefore, the analysis of the first four factors can be
directly used by the mechanism data. That is, each factor is grouped according to 5 levels.
Then, a working condition is selected in each group according to the principle of similar
operating conditions. Combustion conditions are characterized by temperature and gas
concentration. However, the biorthogonal experiment does not consider emissivity; the
emissivity analysis requires additional simulations. That is, five emissivity values are
assigned for conducting additional simulations. The single-factor analysis in this work
reflects the influences of non-manipulated variables on solid-phase combustion under
complex and changeable operating conditions.

4. Simulation Results and Discussion
4.1. Simulation Results and Discussion of the Benchmark Operating Condition

Figure 5 shows the simulation results of the benchmark operating condition of an
incineration plant in Beijing.
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(1) Radiated energy from the flame and wall is used to heat the top layer of the MSW
bed in the drying grate, and a large amount of moisture evaporates. Water vapor is the
main gas at the top of the MSW bed, with a temperature of 373 K. Meanwhile, primary air
passes through the grate and enters the MSW gap. The bed bottom is heated by primary air.

(2) The bed temperature reaches 533 K (the initial temperature) at 3.3 m, indicating the
initiation of volatile matter release and subsequent ignition of MSWs. The solid temperature
rises instantly, which increases the release rate of volatile matter to 1046 kg/m2·h instantly.

(3) The grate center is the main combustion area, and O2 is consumed in large quanti-
ties. The highest solid temperature reaches 1360 K, and the highest gas temperature reaches
1597 K.

(4) The release of volatile substances ends at the burnout stage, and the burning speed
of char increases rapidly. The solid temperature gradually decreases to 550 K after char
combustion. O2 content increases rapidly—reaching 23% at about 9m.

4.2. Simulation Results and Discussion of Biorthogonal Multi-Conditions

The multi-operating conditions designed by the biorthogonal experiment method are
numerically simulated (Figures 6 and 7).
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Figures 6 and 7 show some spikes in the raw data, which are abnormal values. The
maximum solid temperature ranges from 842 to 1467 K after removing them, and the
maximum gas temperature ranges from 1177 to 1548 K. The CmHn, CO, CO2, and O2
concentrations are within 0.603–1.989%, 1.61–3.054%, 3.559–6.911%, and 7.671–13.13%,
respectively. Mechanism data cover the incineration situation under different operating
conditions using the biorthogonal experiment method.
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Temperature can be used to judge the quality of combustion conditions. Five operating
conditions above and below the referenced temperature benchmark are selected from
mechanism data for the analysis. Table 5 lists the parameter settings. Figures 8–12 present
the solid temperature and gas concentration.

Table 5. Multi-conditions parameters.

Feeding
t/d

Grate
m/h

Primary Air
Nm3/min

Condition benchmark 26.2 8 1125
Condition 1 24.3 7 1069.6
Condition 2 25 7.9 1140.8
Condition 3 24.3 7.4 1139.8
Condition 4 24.9 7.1 1126.4
Condition 5 25.2 9 1144
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(1) The feed rate is 24.3 t/h in condition 1, with a grate speed of 7 m/h and primary air
of 1069.6 Nm3/min. These are the minimum values among the five conditions. The slow
grate speed leads to more complete MSW combustion, which makes the CmHn, CO, and
CO2 concentrations higher than the benchmark operating condition. The solid temperature
is the highest among the five conditions, reaching 1466 K.

(2) The grate speed is 7.9 m/h in condition 2, which is close to the benchmark condition.
Reducing feeding and increasing primary air can also make MSWs burn fully. On the one
hand, reduced feeding decreases bed thickness, and increasing the primary air properly
is more conducive to combustion. This makes the solid temperature higher than the
benchmark condition.

(3) The maximum solid temperature is only 1120 K in condition 5. The increased grate
speed directly results in incomplete combustion of MSWs.

(4) Compared with condition 1, condition 3 increases the grate speed and primary air,
which results in a 160 K drop in the solid temperature. This phenomenon shows that the
grate speed and primary air volume cannot be increased simultaneously.

(5) Compared with condition 4 and condition 3, the solid temperature decreases by
60 K, and there will be more unburned CmHm by comparing conditions 3 and 4. This
phenomenon shows that increasing the ratio of feeding to primary air is not conducive
to combustion.

4.3. Results and Discussion of Non-Manipulated Variables in Single-Factor Analysis

Non-manipulated variables in the simulation model also affect the results. Single-
factor analysis should be performed to explore the law of these parameters affecting
solid-phase combustion.

4.3.1. MSW Particle Size

The simulation assumes that MSWs are spherical particles. Figure 13 shows the
influence of MSW particle size on solid-phase combustion.
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Figure 13. Effect of MSW particle size on solid-phase combustion.

The solid temperature and gas temperature increase with the increased MSW particle
size (Figure 13). When the particle size is 35 mm, the solid temperature is 1417 K, and
the gas temperature is 1604 K. Large-sized particles are more conducive to combustion,
which is consistent with Ref. [13]. The accumulation of large-sized MSW particles produces
more gaps, which makes it easy for primary air to enter. Furthermore, full contact between
MSWs and primary air is beneficial to combustion, which leads to decreased O2 and
increased CO2.

4.3.2. Particle Mixing Coefficient

The intensity of particle mixing depends on the designed grate-moving frequency.
Figure 14 shows the influence of the particle mixing coefficient on solid-phase combustion.
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Figure 14. Effect of the particle mixing coefficient on solid-phase combustion.

When the particle mixing coefficient increases, there is a decreased solid tempera-
ture and gas temperature, increased O2 concentration, and decreased CO2 concentration
(Figure 14). A high mixing coefficient can result in short-term and intense combustion;
however, our experimental findings indicate that temperature and CO2 do not exhibit
violent combustion [25]. The particle mixing coefficient may be highly mixing under our
grate design, and it is possible to over-mix with the continuous increase.

4.3.3. Emissivity

Emissivity reflects the ability of the material to radiate energy, and Figure 15 presents
its influence on solid-phase combustion.
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The solid and gas temperatures gradually increase with increased emissivity (Figure 15).
The O2 concentration decreases gradually with increased CO2 concentration. The flame and
the wall mainly radiate to the solid, with a minimum effect on the gas temperature. The
violent combustion of solids increases CO2 due to strong radiation. In a word, the simulation
should choose appropriate emissivity according to the furnace structure, furnace material,
and actual combustion conditions.

4.3.4. Moisture content

Figure 16 shows the influence of moisture content on solid-phase combustion.
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Figure 16. Effect of moisture content on solid-phase combustion.

The temperatures of solids and gases gradually decrease with increased moisture
content (Figure 16), which is similar to the experimental curves in Refs. [26,30]. Moisture
content is not conducive to MSW combustion. Insufficient combustion produces less CO2,
with increasing O2 content. Therefore, it is necessary to ferment and dehydrate in the
MSWI process to ensure that it can reach a low calorific value.

4.3.5. C:O Ratio

Figure 17 shows the influence of the C:O ratio on solid-phase combustion.
The C:O ratio has the minimum influence on the temperature (Figure 17). However,

the CO2 concentration is directly proportional to C, and the O2 concentration is directly
proportional to O. According to the compositions of MSWs, the proportion of elements
in MSWs in the actual field is different, while C and O do not change widely in the work.
Therefore, the influence on the results is limited.
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4.4. Comprehensive Analysis

The benchmark operating condition demonstrates the combustion state in the furnace
of the MSWI plant during stable operation, which serves as a reference for analyzing various
operating parameters individually. Multi-operating conditions reflect the influences of
different manipulated variables, indicating possible combustion changes. Therefore, based
on the simulation model incorporating various operational modifications, it is feasible to
adjust the manipulated variable using theoretical knowledge and empirical expertise to
achieve a stable state of normal combustion.

Non-manipulated variables are uncontrollable from the operating action of the dis-
tributed control system. Among these non-manipulated variables, the particle size and
mixing coefficient reflect the accumulation of garbage on the grate, and emissivity reflects
the wall’s radiation ability. They affect the reaction results from a microscopic point of
view. The moisture content and the C:O ratio reflect the differences in the MSWs of actual
incineration, which affect the reaction results from the source of incineration. Thus, the
understanding of non-manipulated variables is helpful for the subsequent optimal control
in terms of low pollution emissions.

5. Conclusions

The solid-phase numerical model of the actual MSWI process was established using
FLIC software. A method for generating multi-operating condition mechanism data of
the MSWI process was proposed based on a double orthogonal numerical simulation
experiment. The solid-phase combustion conditions in the furnace were analyzed under
the benchmark operating condition and different multi-operating conditions. The effects of
changes in the non-manipulated variables were studied.

(1) The maximum solid temperature was 1360 K, and the gas temperature was 1600 K
in the main combustion zone under the benchmark operating condition of the studied
MSWI plant. Water evaporation and volatile release were fast, and combustion ended
before 10 m. O2 and CO2 were generated at 2.8–10 m at a high solid temperature. The
condition of a low solid temperature did not achieve a good combustion effect.

(2) The mechanism data of multi-operating conditions fluctuated; for example, the
maximum solid temperature ranged from 842 to 1467 K, and the maximum gas temper-
ature ranged from 1177 to 1548 K. Mechanism data covered the incineration situation
under different operating conditions, proving that it was correct to design multi-operating
conditions based on the biorthogonal experiment method.

(3) Large-sized particles were more conducive to combustion for the studied non-
manipulated variables. The particle mixing coefficient and emissivity should be selected
according to the actual situation. However, a high moisture content was not conducive to
combustion, and the C:O ratio had the minimum effect on combustion.

The studied solid-phase combustion model will be coupled with Aspen Plus. That
is, the model inputs (feeding and primary air) and simulation results (temperature and
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gas concentration) will be input to Aspen Plus to simulate the whole MSWI process. Thus,
the generated whole process data can provide theoretical support for the low-pollution-
emission robust control of the MSWI process.
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