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ABSTRACT: The present study focuses on a middle-arch dual-
channel municipal solid waste (MSW) incinerator facing issues of
high NOx emission and overheating. To address these problems
and optimize the incinerator, an advanced numerical simulation
method was employed to comprehensively assess its bed
combustion, freeboard combustion, and NOx emission character-
istics. A multiphase fuel bed model considering large-particle
characteristics of MSW was developed, coupled with a three-
dimensional (3D) model for combustion in freeboard. The analysis
revealed that the observed issues stem from multiple factors,
including primary-to-secondary air ratio, flame propagation in bed,
release of volatiles from bed, and distribution and mixing of
components in freeboard. Reducing the proportion of primary air
and correspondingly increasing secondary air effectively alleviated the localized overheating in the furnace and reduced NOx
emission. Further adjustments to the distribution of primary air in three stages delaying air supply toward the burnout stage, together
with the decrease in the grate movement speed, can better control the amount and speciation of N released from the bed.
Implementing a counterflow mixing strategy with NH3 in the front channel and NO in the rear channel can greatly reduce the
original NOx emission concentration to 95.94 mg/(N·m3), as predicted by a numerical simulation. Subsequent practical adjustments
to an actual incinerator led to notable improvements, clearly optimizing the localized high-temperature issues at various locations,
especially the front channel suffering severe slagging problems, with the temperature reduced from 1118 to 957 °C. Meanwhile, NOx
emission concentration decreased from 200 mg/(N·m3) to around 50 mg/(N·m3), with no negative effect on the boiler load.

1. INTRODUCTION
China’s economic expansion has driven rapid urbanization,
resulting in a marked rise in municipal solid waste (MSW)
generation.1 While landfill was historically the predominant
technique, it is facing issues such as soil contamination from
leachate and accumulation of aged refuse.2 Incineration, on the
other hand, is noted for its high efficiency and substantial
volume reduction.3 The China Statistical Yearbook 2023
reports a total of 583 MSW incineration plants, with
incineration now handling around 70% of the country’s
MSW, making it the leading treatment method. In particular,
the incineration of MSW through grate-firing furnaces is the
mainstream technology in modern waste management
strategies. This technology has proven its adaptability and
efficiency in handling varying waste compositions, gaining
widespread adoption.4 Modern MSW incineration technology
enables the efficient thermal processing of heterogeneous waste
materials, converting them into heat and power while
significantly reducing the mass and volume of waste that
would otherwise occupy landfill spaces. However, the quest for

operational optimization in MSW incineration systems is
currently driven by the pressing need to improve combustion
efficiency and reduce the environmental impact.5

The environmental footprint of MSW incineration, partic-
ularly concerning the emission of nitrogen oxides (NOx),
remains a critical concern.6 The predominant emissions from
municipal solid waste (MSW) incinerators are fuel-derived
NOx.

7 The formation of fuel NOx is closely related to the
combustion temperature and the availability of oxygen during
the in-furnace incineration processes.8 Therefore, to meet
stringent burnout standards and reduce NOx emissions, one
effective strategy is to lower the oxygen levels in the
combustion environment, and precise control over the
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combustion environment is essential to suppress NOx
formation. This includes optimizing parameters such as air
supply, mixing conditions, residence time, and temperature
profiles within the combustion chamber.9 However, reports on
successful NOx reduction through air supply optimization in
industrial-scale waste incineration facilities are scarce. It must
be noted that the combustion process in grate furnaces is
inherently complex and presents significant challenges
regarding operational optimization, which calls for the
development of advanced quantitative analysis tools.

In recent years, the advancement of numerical modeling,
especially with computational fluid dynamics (CFD), has
empowered researchers and engineers to comprehensively
investigate the MSW incineration processes.10 The advanced
CFD modeling approaches allow for the simulation of
multiphysical and chemical processes, thereby providing
insights that can lead to the optimization of design and
operational parameters.11 By harnessing the predictive
capabilities of CFD, it is possible to explore a wide range of
design modifications and operational adjustments without the
need for costly and time-consuming trials in real furnaces. For
instance, Xia et al.12 used a two-fluid model to simulate a
moving grate waste incinerator, successfully predicting temper-
ature and gas species distributions, confirmed by real
measurements. The research also analyzed particle properties
and the impact of waste throughput on the incineration
efficiency. Yang et al.7 established numerical models of a 350
tons/day MSW incinerator to examine how optimizing air
supply, including the adjustment of primary and secondary air
(SA) ratios, distribution of secondary air guns, and overfired
air supply methods, could enhance NOx reduction in an MSW
incinerator. Findings showed improved combustion and flow
characteristics, leading to reduced initial NOx formation and
increased efficiency of selective non-catalytic reduction
(SNCR)-based NOx removal. Yan et al.13 conducted numerical
simulations to investigate how varying primary air (PA)
temperatures influence an incinerator’s combustion. They
found that higher primary air temperatures increased the rates
of water evaporation and volatile matter release. This intense
volatilization, however, caused a localized high temperature in
multiple areas of the incinerator. Such research underscores the
potential of CFD in exploring design modifications and
operational adjustments without the extensive costs associated
with physical trials. In general, although many studies have
begun to employ advanced numerical simulation techniques to
analyze the complex combustion processes within MSW grate
furnaces, and some investigations have explored the trends in
NOx emissions under varying operational conditions, most
research predominantly focused on the gas-phase combustion
processes within the furnace chamber.7,8,14 There is still a lack
of targeted analysis on how these different conditions affect
combustion in the fuel bed and consequently how the
distribution of NOx and their precursors will be altered on
the top surface of the bed, which are critical intermediary
mechanisms that remain insufficiently understood. Conse-
quently, the regulatory mechanisms of combustion in bed and
freeboard, as well as NOx emissions, have yet to be fully
delineated with clarity for better design and control of these
furnaces.

The present study focuses on a middle-arch dual-channel
MSW incinerator that has a unique arched and two-channel
gas flow structure.15 Despite its distinctive design, the
incinerator is still facing issues such as high initial NOx

emission and overheating when processing high-calorific
wastes under common operation conditions, thus requiring
optimization. To address these problems and optimize the
incinerator’s performance, advanced numerical simulation
method is employed to comprehensively assess bed combus-
tion, freeboard combustion, and pollutant emission character-
istics of the incinerator both before and after optimization. To
accurately simulate the MSW incineration process, a multi-
phase fuel bed combustion model considering the large-
particle characteristics of MSW is developed, and coupled with
a three-dimensional (3D) CFD model for combustion in the
freeboard of the furnace. This integrated approach enables
quantitative analysis of bed combustion, freeboard combustion,
and NOx formation and reduction mechanisms. The model is
validated against on-site data obtained from the middle-arch
MSW incinerator to ensure its reliability and accuracy.

2. MODEL ESTABLISHMENT
2.1. Model Framework and Major Assumptions. The

numerical simulation of grate boilers requires comprehensive
modeling that captures both combustion within the fuel bed
on the grate and the subsequent gas-phase combustion in the
freeboard. In this work, the combustion processes in the grate
furnace were calculated using a state-of-the-art comprehensive
CFD model, which included a multiphase fuel bed model with
thermally thick particle treatment and a gas-phase freeboard
combustion model. For the gas-phase combustion, ANSYS
Fluent 2020 R2 was employed, with the configuration of
turbulence, species transport, and radiation models referencing
Hoang et al.’s work.16 This section focuses primarily on
elucidating the fuel bed model.

Key assumptions adopted in the model17,18 are outlined as
follows:
(1) The fuel bed is treated as a porous medium with a fixed

void fraction. This assumption simplifies the complex
interactions within the fuel bed, allowing for a
manageable computational model. Besides, a volume
change model is employed to capture the reduction in
solid phase volume.

(2) Fuel particles are modeled as thermally thick and
spherical-equivalent, subdivided into four distinct layers:
a wet layer, a dry layer, a char layer, and an ash layer.
This assumption simplifies the geometry and thermal
behavior of the particles, distinct processes such as
drying, devolatilization, and char combustion occur
respectively in the wet, dry, and char layers, enabling
detailed analysis of these processes.

(3) Within the porous medium, each layer of particle is
modeled as an Eulerian subphase, with mass loss or gain
dictating the contraction or expansion of each solid
subphase.

(4) Gases produced within the particles are assumed to be
immediately released into the gas phase, creating an
instantaneous outflow effect. This assumption may
overlook the potential delay due to diffusion or other
transport mechanisms within the particle. However, in
the scope of this work, this simplification helps in
focusing on larger-scale phenomena such as overall
emissions and temperature profiles.

(5) Emissions from the solid phase enter the gas phase at the
same temperature as the solid’s outermost layer. When
dealing with a heterogeneous mixture of solid wastes,
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this assumption helps to substantially reduce the
complexity of thermal calculations.

2.2. Governing Equations. The fundamental equations
governing the fuel bed model include mass, momentum,
energy, and species conservation for both gas phase and solid
subphases, as outlined in Table 1. To model the thermally
thick nature of fuel particles, subgrid models are established. A
brief introduction to these subgrid models is provided here,
and more details of the source terms in the conservation
equations and their application to the Multiple Thermally
Thick Particle (MTTP) model can be found in our previous
work.19,20

Within the mass conservation equations, the source terms
for the kth solid subphase, Sk

M, are determined by the reaction
kinetics of that subphase and its interactions with adjacent
subphases. The energy conservation equations include source
terms for the kth solid subphase, Sk

E, comprising five distinct
sources that account for changes in sensible enthalpy due to
heat transfer and solid-phase reactions.

S S S S S Sk k k k k k
E

Reac, Cond, blowing, Env, evolution,= + + + +
(7)

First of all, SReac,k represents the enthalpy change from
chemical reactions and phase changes within the kth subphase

S R Hk k kReac, = · (8)

SCond,k accounts for conductive heat transfer across
subphases according to Fourier’s law.
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Sblowing,k addresses the enthalpy shift from gas flow through
layers at varying temperatures.
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j

N
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T
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T
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SEnv,k captures heat transfer in the environment, including
convection and radiation.

S Q A h T T( )k k kEnv, rad
N

s
s g= · +

(11)

Finally, Sevolution,k denotes the enthalpy variation due to mass
transfer in and out of the kth subphase.

S Cp T T

Cp T T

( )

( )

k k k k

k k k

evolution,
s

s, 1 ref

1
s

s, 1 ref

= ·

·+ + (12)

The requisite physical and transport properties for these
equations are detailed in Table 2.

This study assumes that the shrinkage of fuel particles and
the fuel bed is linked to mass loss from each solid subphase.
The velocity of the solid phase in the direction parallel to bed
height (y-direction) can be determined from the integral
expression:

Table 1. Governing Equations for the Gas Phase and Solid Subphases of the Fuel Bed Model

governing equations phase expression

mass conservation

gas t x
u S( ) ( )

j
j

N k
kg g ,g
M+ =

(1)

solid t x
u D

x
S(1 ) (1 ) (1 )k k

j
k k j

j
k k k,s s

2

2
M[ ] + [ ] = [ ] +

(2)

momentum conservation gas
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energy conservation
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in which Srxn,g is the heat of gas-phase reactions, and Ss−g is the convective heat transfer between gas and solid phase

solid t
c T

x
c u T S(1 ) (1 )k k k

j
k k j k kp,s p,s ,s
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(5)

species conservation gas t
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in which Mi,g is the source of species i from gas reactions, and Mi,s is the source of species i from solid reactions

Table 2. Physical and Transport Properties Used in the Fuel
Bed Model

parameter expressions or values

bed porosity 0.40
thermal conductivity
(W/(m·K))

kwater = 0.58
kdry = 0.13 + 0.0003(Ts − 273)
kchar = 0.08 − 0.0001(Ts − 273)

k k h l( ) l
g f rv

(1 )

k
l

h

l
k

1
f
v

rs

s
s

= + +
+

+

kg,eff = kg + 0.5Pr·kg·Re
convective heat transfer
coefficient (W/(m2·K))

hs−g = kg·Nu/dp,eff

Nu = 2 + 1.1Pr1/3 Re0.6

radiation adsorption coefficient ln
d

1

p,eff
=

radiation emissivity ϵ = 0.80
heat capacity (kJ/(kg·K)) cp,dry fuel = 1.5 + 0.001 × T

cp,char = 0.44 + 0.001 × T − 7 × 10−8T2

cp,water = 4.18
cp,g = ∑cp,iYg,i

gas diffusion coefficient Dg,i = Dg + 0.5dpu
solid diffusion coefficient
(cm2/min)

Ds = 82.2
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char, char,

= +

+ (13)

in which θdrying,N, θdevol,N, and θchar,N are the shrinkage
coefficients due to drying, devolatilization, and char reactions,
respectively.

In addition, the fuel bed experiences not only a downward
movement due to shrinkage but also random mixing resulting
from the action of the grate, commonly a reciprocating type.
This mixing effect is modeled after the studies by Yang et al.21

and Nakamura.22 The mixing is conceptualized as a diffusion
process, drawing parallels between the stochastic motion of
fuel particles and the molecular diffusion in gases. Con-
sequently, Fick’s law is employed to derive the diffusion
component in the mass conservation equations for the solid
subphases. The diffusion coefficient is assigned a value of 82.2
cm2/min, in line with the recommendation by Yang et al.21

2.3. Reaction Models. The modeling of reactions in the
fuel bed is divided into three primary segments: (1) solid
phase transformations, which include processes such as drying,
devolatilization, and heterogeneous char conversions, (2)
combustion of volatile gases produced during devolatilization,
and (3) NOx formation and reduction reactions, which
encompass the oxidation of nitrogenous precursors (NH3
and HCN) as well as the reduction of NOx through both
homogeneous and heterogeneous processes. The correspond-
ing rate formulas and kinetic parameters are listed in Table 3.

To compute the drying rates of fuel particles, an approach
that merges an equilibrium model with a thermal model is
used. Goḿez et al.24 have provided a detailed methodology for
assessing the thermally driven drying rates for particles that are
thermally thick. Devolatilization is represented by a single,
overarching reaction, with kinetic parameters derived from Lin
et al.25 The devolatilization products include a range of light
gases, a combined tar fraction, NOx precursors, and char. The
distribution of these products and the computation of the
primary tar are based on an approach that ensures the balance
of elements and the conservation of the heating value.
Ngamsidhiphongsa et al.26 have outlined the detailed process
for these computations.

Gas-phase reactions are modeled to account for turbulent
flow by utilizing both finite-rate and eddy-dissipation models
to calculate reaction rates. The effective reaction rate is
determined by taking the lesser value of the two:

R R Rmin( , )i i ig, kin, eddy,= (14)

Where Rkin,i is the rate of the chemical reaction and Reddy,i is the
eddy-dissipation rate. The finite-rate kinetic calculations rely
on the Arrhenius equation, while the eddy-dissipation rate is
influenced by the large-eddy mixing time scale:
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The fate of nitrogen in the fuel (fuel-N) significantly affects
NOx emissions and is dependent on the fuel’s characteristics

Table 3. Rate Expressions and Kinetic Data of Reactions,6,23 where the General Expression of Kinetic Constants is k =
A exp(−E/RT)

rate expressions A (s−1) E (J/kmol)

R
A h C C T
Q H T

( )if 373 K
/ if dry 373 KN
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R j P S

k k kchar 1 / 1 / 1 /
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2
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j = H2O 3.42 1.10 × 108

R k C CH O H O,
R

2
1
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2
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R k Cprimary tar CO CO CH H H O,
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3 2 2
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ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.4c07041
ACS Omega 2024, 9, 42010−42026

42013

http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.4c07041?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


and operational conditions. The following assumptions
simplify nitrogen chemistry while capturing the key steps of
nitrogen conversion:
(1) The partitioning of fuel-N into volatile-N and char-N is

based on the ratio of volatile to fixed carbon, obtained by
the proximate analysis of the solid fuel.27

(2) Volatile-N is predominantly released as NH3 and as
nitrogen in primary tar, with HCN being released upon
the breakdown of primary tar.28 An NH3 to HCN ratio
of 80:20 is assumed, reflecting the findings that NH3 is
the more prevalent nitrogenous species.29

(3) The oxidation of nitrogenous precursors is considered to
produce only NO, disregarding the formation of N2O
and other nitrogen compounds. Similarly, the reduction
of NO is expected to yield only N2.

(4) The oxidation of char-N is correlated with the
consumption of carbon in the char, with an estimated
50% of char-N being converted to NO, following the
findings of Ulusoy et al.30

Based on these assumptions, the NOx conversion reactions
within the fuel bed (RN,1 − RN,6) are also given in Table 3.

3. DESCRIPTION OF THE MSW INCINERATOR
3.1. Incinerator Configurations and Fuel Properties.

The middle-arch MSW incinerator studied in this work has an
MSW disposal capacity of 500 tons/day, and its schematic
diagram is given in Figure 1.

The middle arch is its feature structure, by which the direct
path from the bed to the first flue is blocked, forming two gas
flow channels with the front and rear arch separately. The gases
from the two channels are designed to mix and react at the
bottom of the first flue, which theoretically would lead to a
complete gas-phase combustion and a low NOx emission. The
combustion process of the MSW bed is divided into three
stages. The first and second stages of the grate are designed
with a tilt, while the third stage of the grate is designed
horizontally to ensure complete combustion of the solid phase.
Generally, the combustion process mainly occurs on the stage-

II grate, which has two separate air chambers, while stage-I and
stage-III each have one air chamber.

The quality of MSW processed by the incinerator fluctuates
daily, and representative data is used in the present study, as
shown in Table 4. Due to the implementation of waste

classification policies, there is a significant reduction in the
moisture content of the MSW, which leads to a lower heating
value (LHV) of 11.635 MJ/kg. Ultimate and proximate
analyses are also given in Table 4.

3.2. Settings for Numerical Modeling. During grid
generation, the MSW incinerator was segmented using a
structured grid approach, and regions experiencing substantial
fluctuations in turbulence, such as the adjacent grate area and
the throat region where the secondary air (SA) inlet is located,
underwent grid refinement for better accuracy. To verify that
the simulation results were not affected by the size of the grid
used, a series of initial simulations were conducted with
varying numbers of cells: 752,633; 1,839,248; 2,533,947;
3,311,531; and 5,728,145. Analysis of the simulation data
indicated that temperature variations were less than 0.1% when
comparing the results from grids containing 3,311,531 cells to
those with 5,728,145 cells. This outcome suggested that a grid
comprising 3,311,531 cells had the necessary precision for
accurate simulation outcomes. Within the freeboard area of the
boiler, the finite-rate/eddy-dissipation concept was applied to
model homogeneous chemical reactions, while the standard
k−ε model was selected for simulating the turbulent
hydrodynamic behavior. For the prediction of radiative heat
transfer, the P-1 radiation model was used. To properly
account for the impact of gas emissivity on radiative heat
transfer, a critical aspect, the weighted-sum-of-gray-gases
model (WSGGM) was adopted for a more realistic
representation.

The specific configurations used in the simulations are listed
in Table 5. Detailed explanation for these configurations will
be given in the subsequent Section 4, and only a brief
introduction will be given here. In case 1, configrations in the
calculations were set referring to the common operation
condition of the MSW incinerator. In case 2, the total amount
of primary air (PA) was reduced, while the secondary air (SA)
was correspondingly increased. In case 3, further adjustments
were implemented in both the primary air distribution and the
grate velocity.

Figure 1. Schematic diagram of the middle-arch MSW incinerator.

Table 4. Fuel Properties of MSW

properties value (wt %)

proximate analysis (ar)
moisture (M) 38.00
volatile (V) 39.96
fixed carbon (FC) 6.67
ash (A) 15.37
lower heating value (LHV, MJ/kg) 11.635

ultimate analysis (daf)
C 55.36
H 11.32
O 31.57
N 1.75
S not detected
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4. RESULTS AND DISCUSSION
4.1. Common Conditions of the Incinerator. The

common operation conditions of the incinerator are presented
as case 1 in Table 5, with primary air serving as the main O2
source and secondary air serving as a supplement. The ratio of
the total flow rate of the primary air to the secondary air was
approximately 8:2. During common operation, issues such as
high-temperature slagging and high original NOx emission
concentration were encountered. The original NOx emission
concentration refers to the concentration from the combustion
process, with no NOx control measure such as SNCR, PNCR,
or SCR. The typical state of the incinerator is illustrated in
Figure 2.

The temperature distribution within the furnace, as shown in
Figure 2a, indicates that the horizontal front channel formed
by the front and middle arches exhibits a locally high
temperature of up to 1118 °C, predisposing this area to
high-temperature slagging. Not unexpectedly, the slagging
problem is found to almost block the horizontal front channel,
as shown in Figure 2b, which adversely affects gas flow and
combustion organization within the furnace, necessitating
frequent shutdowns for deslagging operations. Figure 2a also
revealed that the vertical first flue also exhibits an issue of
excessive temperatures. Additionally, a serious slagging

problem is found below the middle arch, as shown in Figure
2c. The absence of thermocouples in this area precludes the
observation of the temperature distribution.

Aside from these localized overheating issues, the operation
mode also results in a high NOx emission. Despite the
deployment of NOx control measures such as SNCR, PNCR,
and SCR on-site, NOx emission concentration still fluctuates
within the range of 100−200 mg/(N·m3). To meet environ-
mental regulations, sometimes the load must be restricted to
inhibit NOx formation. The high NOx emission hugely
increases the consumption of NOx control reagents and
catalysts, leading to higher operating costs for the incinerator.

In order to reveal the causes of local overheating and high
NOx emissions, a numerical simulation of the combustion
process, including both the bed combustion on the grate and
the gas-phase freeboard combustion in the furnace, was carried
out using the established CFD model. The bed combustion
state is given in Figure 3, while the freeboard combustion is
depicted in Figure 4. The temperature distribution in the bed,
as shown in Figure 3a, indicates that combustion does not
occur in most of the area of the first stage of the grate, and
ignition is only observed at the top surface of the bed near the
end of this stage. Therefore, a large proportion of O2 enters the
bed from bottom, goes through the bed unreacted, and directly

Table 5. Specific Configurations Used in the Simulations

configurations

case 1 PA distribution (kg·m2/s)
stage-I: 0.1002 stage-II (1): 0.3533 stage-II (2): 0.3533 stage-III: 0.0618

SA distribution (kg/s)
side wall-middle: 0.45 × 4 side wall-rear: 0.38 × 2 rear arch: 1.05

grate velocity (m/s)
stage-I: 0.0028 stage-II (1): 0.0022 stage-II (2): 0.0022 stage-III: 0.0024

case 2 PA distribution (kg·m2/s)
stage-I: 0.0802 stage-II (1): 0.2827 stage-II (2): 0.2827 stage-III: 0.0495

SA distribution (kg/s)
side wall-middle: 0.65 × 4 side wall-rear: 0.65 × 2 rear arch: 1.85

grate velocity (m/s)
stage-I: 0.0028 stage-II (1): 0.0022 stage-II (2): 0.0022 stage-III: 0.0024

case 3 PA distribution (kg·m2/s)
stage-I: 0.0822 stage-II (1): 0.1976 stage-II (2): 0.1976 stage-III: 0.1728

SA distribution (kg/s)
side wall-middle: 0.65 × 4 side wall-rear: 0.65 × 2 rear arch: 1.85

grate velocity (m/s)
stage-I: 0.0022 stage-II (1): 0.0018 stage-II (2): 0.0018 stage-III: 0.0016

Figure 2. Photos of the typical state of the incinerator under common operation conditions.
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enters the freeboard, as shown in Figure 3b. Only near the end
of the first stage, a small portion of O2 is consumed and
generates CO, see Figure 3c. The second stage of the grate is
where bed combustion mainly occurs. The temperature
distribution in this stage clearly shows the propagation of
combustion from the top surface of the bed downward to the
bottom. Regarding the distribution of gas components in the
second stage, almost all the O2 entering the bed is consumed
during the flame propagation region, and products released at
the top surface of this region are primarily combustible gases

such as CO. As for the third stage of the grate, burnout of char
is the main reaction, which is enhanced in the front of the stage
due to the step-fall effect, consuming a portion of O2 and
generating some combustible gases.

As for the gas-phase combustion in the freeboard, the
temperature distribution in Figure 4a confirms the existence of
a localized high temperature within the horizontal front
channel formed by the front and middle arches, which is the
main cause of slagging blockage at this location. Analyzing the
distribution of O2 and CO in Figure 4b,c, consistent with the

Figure 3. Bed combustion state under common operation conditions.

Figure 4. Freeboard combustion state under common operation conditions.
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product distribution at the bed surface, a large amount of O2
passes through the unignited region of the first stage and flows
upward along the front arch. In the second stage, volatiles are
released intensively, generating a significant amount of CO and
other combustible gases. Guided by the front and middle
arches, O2 and combustible gases mix at the entrance to the
horizontal front channel and combust within the channel,
leading to a localized high temperature.

Additionally, a region of high temperature below the middle
arch is also found, which is the cause of severe slagging shown
in Figure 2c. The formation of localized high temperatures in
this region mainly stems from the concentrated release of
combustible gases, such as CO, from the second stage of the
bed. As Figure 4c illustrates, these combustible gases rise and
encounter secondary air injected from the sidewalls, leading to
strong combustion and a high temperature.

The high temperatures measured in the vertical first flue may
result from an uneven temperature distribution due to gas-
phase combustion. CO distribution given in Figure 4c reveals
that the concentrated CO released from the bed does not
completely combust in the horizontal front channel, but
instead enters the vertical first flue to undergo gas-phase
combustion reactions. Correspondingly, the temperature
distribution shown in Figure 4a demonstrates that the area
of CO combustion occurs within the first flue and creates
localized high temperature near the rear wall, leading to an
uneven overall temperature distribution in the flue.

After clarifying the mechanism of localized high-temperature
generation in the furnace under common operation conditions,
further analysis on the formation and reduction of NOx will be
conducted, from the release from the bed to the conversion in
the freeboard. Figure 5 presents the distribution of NO and
NH3 during the combustion process. It can be noticed that the
formation of NO mainly happens at the flame front. As it flows
upward through the bed, it undergoes reduction reactions with
NH3 and char, leading to a decrease in the concentration. The
generation of NH3 precedes NO, starts with the ignition of the
bed, and is released in large quantity during the pyrolysis of
MSW. As NH3 flows upward through the bed, a portion of it is

oxidized to NO, while another portion reacts with NO and
converts to N2.

To more clearly present the effects of the amount and
speciation of N released from the bed on the formation and
reduction of NO in the freeboard, the distributions of NO and
NH3 at the top surface of the bed are given in Figure 6. It is

apparent that, in terms of quantity, the NH3 at the top surface
of the bed far exceeds NO, and its highest mass flow rate
exceeds 1.00 × 10−3 kg/(m2·s) while the peak of NO is below
0.50 × 10−3 kg/(m2·s). Theoretically, NH3 entering the
freeboard should be enough to convert all of the NO into N2.
However, it is important to note that products released from
the bed greatly changed in different regions along the direction
of grate movement, referring to the different status of bed
combustion. At a position approximately 6.0 m from the MSW
entrance, NO formation reaches its peak, while the amount of
NH3 is lower than NO. Additionally, in the third stage of the
grate, char-N is also converted into NO during the char
burnout process, but by then almost no NH3 is produced.
Therefore, these two regions will be the main NO-rich zones in
subsequent freeboard combustion.

Figure 5. Distribution NO and NH3 in bed under common operation conditions.

Figure 6. Distributions of NO and NH3 released from the bed under
common operation conditions.
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For freeboard combustion, distributions of NO and NH3 are
given in Figure 7. Consistent with the discussion above, a
concentrated NO flow can be observed at the 6.0 m position of
the grate, and a smaller amount of NO released from the third
stage can also be observed. NH3 is released next to the
concentrated NO flow on both sides. NO flows upward,

entering the vertical first flue through the horizontal front
channel. While NH3 is gradually oxidized and consumed
during its ascent, and does not sufficiently mix and react with
NO. The modeling result indicates that even with the oxygen
volume fraction at the boiler outlet as low as 2.72%, which
should theoretically facilitate NO reduction, the original

Figure 7. Distribution of NO and NH3 in freeboard under common operation conditions.

Figure 8. Bed combustion state with primary air reduced.
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emission concentration of NOx remains high at 243.55 mg/(N·
m3). The NOx emission level is consistent with the actual
situation on site considering the control measures deployed.

Based on the numerical simulation analysis of the
combustion status of the incinerator under common operation
conditions, the main cause of the local overheating issue in the
horizontal front channel is the concentrated combustion of
combustible gases such as CO in it, which is a comprehensive
outcome of three factors. First, a large amount of primary air
leads to the concentrated release of volatiles from the second
stage of the bed. Second, a smaller amount of secondary air is
hard to ensure a complete combustion of the volatiles released
from the bed, in the spacious area below the middle arch.
Lastly, due to the large primary air, the ignition of the fuel bed
on the first stage is delayed, and more unconsumed O2 passes
through the bed layer into the freeboard, which then mixes
with CO and other combustible gases near the entrance of the
horizontal front channel, under the joint guidance of the front
and middle arches.

The reason for the high NOx emission is essentially similar
to the local overheating issue, the concentrated release of NO
from the fuel bed directly flowing into the vertical flue through
the horizontal front channel without sufficiently mixing and
reacting with NH3, which is also caused by three factors. First,
the large primary air causes a concentrated release of NO from
the fuel bed in the second stage. Second, the large primary air
promotes the oxidation of NH3, resulting in more nitrogen
being released from the bed in the form of NO. Lastly, under
large primary air, the combustion of the bed is more
concentrated toward the front part of the grate, causing the
NO release position to be forward. Then, under the current
flow field, almost all NO flows into the horizontal front
channel, unable to form the counterflow mixing and reaction
between NO and NH3, which is thought to be created by the
middle arch and its two channels.15

Through the discussion above, although the mechanisms
behind the local overheating and high NOx emission under
common operation conditions are complex, they can be simply
attributed to the same macroscopic reason, which is the
unreasonable ratio of primary to secondary air. Therefore, in
the subsequent optimization, the adjustment of the ratio of
primary to secondary air will be first considered, and its impact
on the combustion and NOx emission will be studied.

4.2. Effect of the Ratio of Primary to Secondary Air.
Based on the above discussion, the ratio of primary air is
reduced and, correspondingly, the secondary air is increased,
while other operating conditions remain unchanged. The
specific operating parameters are shown in Table 5 as case 2.
Using the established model, numerical simulations are
conducted to evaluate and analyze combustion and NOx
emission under this scenario.

First, Figure 8 presents the distributions of temperature, O2,
and CO in the bed after reducing the primary air. It can be
seen that drying and ignition of the bed on the first stage of the
grating are not significantly affected. However, in the second
stage, when the velocity of primary air is in the “oxygen-
limited” zone,31 the reduction in air velocity leads to slower
flame propagation, resulting in a significantly longer fire bed.
Consequently, under the combined effect of the reduced
primary air and the extended fire bed, a higher proportion of
the O2 is consumed by the combustion in the bed, and both
the range and the total amount of the O2 passing through the
bed into the freeboard are significantly reduced. Besides,

compared with Figure 3c, the extended fire bed causes CO to
be generated in a wider range of the bed, eliminating the
concentrated emission observed under common operation
conditions. In addition, based on the temperature distribution,
it can be inferred that the carbon burnout stage is not
completed on the second section of the grate, and some
unburned carbon falls into the third stage. Under the effect of
the drop between stages, it will be more conducive to the
burnout of carbon in the bed at the front end of the third stage,
which could be proved by the generation of CO observed at
the front end of the third stage in Figure 8c.

To quantitatively evaluate the changes in gases released from
the bed caused by reducing the primary air, the distribution of
the mass flow rate of O2 and CO at the top surface of the bed
before and after the adjustment is compared in Figure 9. After

the reduction of primary air, the amounts of aqueous O2
released from all three stages of the bed are clearly reduced.
Especially at the end of the second stage, under common
operation conditions, a large amount of O2 is emitted since the
in-bed combustion reaction is finished here; whereas after
adjustment, due to the extension of the fire bed, no significant
O2 emission occurs at this position. As for CO, the
concentrated emission of CO from the bed under common
operation conditions is an important reason for the localized
high temperature in the horizontal front channel. After
adjusting the primary air, the range of CO emission is
broadened, and its peak value decreases from 4.6 × 10−2 to 3.5

Figure 9. Distribution of O2 and CO at the top surface of the bed
before and after reducing primary air.
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× 10−2 kg/(m2·s), which helps to solve the local overheating
problems in the furnace.

After the improvement of the combustion condition in the
fuel bed and the distribution of its products, further analysis is
conducted on the gas-phase combustion in the freeboard.
Figure 10 shows the temperature and component distribution
in the freeboard after adjustment of the ratio of primary to
secondary air. In the spacious space below the middle arch,
compared to the common operation condition (Figure 4a), the
temperature distribution is more uniform. First, this is partly
due to the moderate extension of the fire line in the fuel bed,
resulting in more uniform distribution of volatiles. Second, the
increase in the proportion of secondary air enhances the
oxygen supply below the middle arch. Comparing Figures 4b
and 10b, more O2 appears in this area and exceeds the need for
the combustion of CO and other volatiles. Third, the larger
secondary air jet also enhances the mixing effect of volatiles
with O2. Under the joint effect of these three aspects, the
combustion of volatiles below the middle arch is more
complete; as shown in Figure 10c, CO is almost completely
consumed near the top surface of the bed. Consequently, the
temperature near the bed surface gets higher, and its
distribution below the middle arch is more uniform. As a
result, the issues of localized high temperature below the
middle arch and in the horizontal front channel have been
significantly improved.

As for the NOx emission, the release of NO and NH3 from
the bed is also similarly extended, following the layer
combustion process. Considering that, under common
operation conditions, the concentrated NO flow at 6.0 m on
the grate is the main factor contributing to high NOx emission,
changes at this location are carefully observed after adjusting
the primary to secondary air ratio, as shown in Figure 11. After
reducing primary air, the maximum mass flow rate of NO
decreases from 4.6 × 10−4 to 3.8 × 10−4 kg/(m2·s). Contrarily,
the mass flow rate of NH3 at that position does not show an
obvious decrease; instead, there is even a noticeable increase in
the later part of the flame propagation process (after 6.3 m).
Although the reduction in primary air slowed the in-bed
combustion rate, as well as the release of NH3, it also
weakened the oxidation of NH3. Therefore, at the 6.0 m
position where the release of NO reaches its maximum,

although the amount of NO is still slightly higher than that of
NH3, the gap between them is significantly reduced compared
to the common operation condition (case 1).

Then, the distribution of NO and NH3 within the freeboard
is observed, as shown in Figure 12. It can be found that the
“chimney flow” of NO in the freeboard under common
operation conditions has disappeared. This is partly due to the
aforementioned reduction in the peak value of NO release
from the bed, and the increase in secondary air also enhances
the mixing and reaction under the middle arch. Also, the
enhanced mixing and oxidation reactions lead to the complete
consumption of NH3 at a lower position close to the bed.
Some react with NO to reduce it, while the rest is oxidized into
NO. Under this condition, the volume fraction of O2 at the
boiler outlet is 3.37%, and the original NOx emission is
reduced from 243.55 to 161.54 mg/(N·m3).

In summary, the numerical simulation analysis reveals that
adjusting the ratio of primary to secondary air extends the
combustion process within the fuel bed and leads to a more
uniform distribution of products on the bed surface. The gas-
phase combustion of volatiles under the middle arch is more
complete, and the temperature distribution is more uniform,
effectively resolving the local overheating problems in the
horizontal front channel and under the middle arch. At the
same time, the concentrated release of NO from the bed is

Figure 10. Freeboard combustion state with primary air reduced.

Figure 11. Distribution of NO and NH3 at the top surface of the bed
after reducing primary air.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.4c07041
ACS Omega 2024, 9, 42010−42026

42020

https://pubs.acs.org/doi/10.1021/acsomega.4c07041?fig=fig10&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c07041?fig=fig10&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c07041?fig=fig10&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c07041?fig=fig10&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c07041?fig=fig11&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c07041?fig=fig11&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c07041?fig=fig11&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c07041?fig=fig11&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.4c07041?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


alleviated and the original NOx emission is appreciably
reduced. However, NO still primarily enters the vertical first
flue through the horizontal front channel without undergoing
the intended counterflow mixing and reduction with NH3,
indicating there is still significant potential for optimization. To
adjust the component distribution in front and rear channels,
modifying the distribution of products released from the bed is
an effective method. Therefore, the following step will further
regulate the in-bed combustion process to adjust the product
distribution in the two channels, thereby fully utilizing the
counterflow mixing and reduction functions of the middle arch.

4.3. Effect of Primary Air Distribution. Based on the
above discussion, with the total amount of primary air
remaining unchanged, further adjustment is made to the
distribution of primary air across different stages, and detailed
information is given in Table 5 as case 3. This primarily
involves moderately reducing the air flow rate in the second
stage and increasing the supply in the third stage. Additionally,

the move speeds in the three stages of the grate are reduced by
varying degrees, to form a higher bed.

In terms of combustion, Figure 13 displays the distributions
of temperature, O2, and CO in the freeboard after adjustment.
As seen in the temperature distribution (Figure 13a), the
ignition of the bed is slightly earlier. This change is attributed
to the decreased primary air in the second stage, which slows
the flow speed of combustible gases released from the bed and
allows the secondary air to push these gases more effectively
toward the front of the furnace, enhancing gas-phase
combustion and strengthening radiation intensity above the
first stage. There is no significant change in the overall length
and distribution of the fire bed, which is not reiterated here.
Notably, as shown in Figure 13b, the delayed arrangement of
primary air results in the depletion of O2 in the front channel,
while significantly increasing O2 in the rear channel.
Correspondingly, CO mainly enters the front channel. This
creates a counterflow arrangement with a reductive atmosphere

Figure 12. Distribution of NO and NH3 in freeboard after primary air was reduced.

Figure 13. Freeboard combustion state after the primary air distribution was adjusted.
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in the horizontal front channel and an oxidative atmosphere in
the rear channel, which are conducive to strengthening gas-
phase combustion and inhibiting the emissions of CO and
dioxins.

The control of NOx emission is the main purpose of this
step of adjustment, and the distributions of NO and NH3 in
the bed before and after the two steps of adjustments are
compared in Figure 14. It is evident that, from case 1 to case 2,
the reduction in the total amount of primary air makes the
flame propagation process cover a longer length of the bed,
and accordingly, the ranges of the release of both NO (see
Figure 14a) and NH3 (see Figure 14b) are significantly
expanded. From case 2 to case 3, the changes in the
distribution ratio of primary air in the three stages of the
bed significantly reduce the amount of NO generated in the
second stage during the flame propagation process and also
greatly increase the amount of NH3 at the top surface of the
bed.

In order to quantitatively compare the changes in the release
of NO and NH3 from the bed after adjusting the distribution of
primary air, Figure 15 summarizes the mass flow rates of NO
and NH3 at the bed surface under three conditions.

The comparison shows that values of the first NH3 peaks in
three cases, when the bed is ignited and flame propagation
starts, are close. However, during the flame propagation

process, the case 3 scenario, which involves both a reduction in
the total amount of primary air and a delayed air distribution,
shows a significantly smaller decrease in NH3 than case 1 and
case 2. Correspondingly, with the reduction of primary air in
the combustion stage, the peak value of NO in case 3 is about

Figure 14. Distributions of NO and NH3 in the bed before and after the two steps of adjustments.

Figure 15. Distribution of NO and NH3 at the top surface of the bed
after primary air distribution was adjusted.
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50% lower than cases 1 and case 2. Moreover, the ratio of NO
to NH3 at the top surface of bed is important. In case 1, the
mass flow rate of NO at 6.0 m is clearly larger than NH3,
leading to the concentrated flow of NO in the freeboard. In
case 2, although the difference between the mass flow rates of
NO and NH3 is getting close, still NO is larger. In case 3, the
ratio of NO to NH3 is completely changed. At this position,
the mass flow rate of NO is about 1.0 × 10−4 kg/(m2·s), and its
maximum in the entire bed surface is only 2.2 × 10−4 kg/(m2·
s), while the minimum mass flow rate of NH3 within the range
exceeded 5.2 × 10−4 kg/(m2·s). The reasons for these
differences are 2-fold: first, the reduced supply of primary air
limits the oxidation of NH3 to NO; second, the higher bed
provides a suitable environment for the reduction of NO by
NH3 and char. In summary, under this operating mode, the
mass flow rate of NH3 at the bed surface far exceeds that of
NO, creating an optimal foundation for the reduction of NO in
the freeboard.

The distribution of NO and NH3 in the freeboard is
presented in Figure 16. Due to the effective suppression of NO
and the promotion of NH3 within the fuel bed, the
concentration of NO near the bed surface has decreased to a
very low level compared to case 1 and case 2. As discussed
above, after adjustment of the primary air distribution, it forms
a reductive atmosphere in the horizontal front channel and an
oxidative atmosphere in the rear channel. Under this
distribution, a large proportion of the NH3 released from
bed is retained and, together with combustible gases like CO,
enters the vertical first flue via the horizontal front channel. On
the rear side of the middle arch, a portion of NH3 reacts with
O2 producing NO, but at the same time, it reacts with the
formed NO to reduce it, resulting in a limited overall
production of NO in the competitive reactions. The produced
NO then enters the vertical first flue with O2 and combustion
products via the rear channel. The NH3 predominating in the
front channel and NO predominating in the rear channel mix
at the bottom of the vertical first flue and further undergo NO
reduction reactions. Under these conditions, the volume
fraction of the O2 at the boiler outlet is 3.26%, and the

original emission concentration of NOx is only 95.94 mg/(N·
m3), which can achieve an emission concentration of 50 mg/
(N·m3) with only SNCR.

Based on this optimization scenario, adjustment and
verification are conducted on the actual furnace in the waste
incineration plant. Following the configurations of case 3, the
total amount of primary air is gradually reduced, and the
secondary air is simultaneously increased to bring their ratio
close to 6:4, while maintaining the oxygen concentration at the
furnace exit at around 4%. Additionally, adjustments are made
to the valves of the air chambers of the three stages according
to the on-site bed combustion condition and the location of
the fire bed, gradually reducing the proportion of primary air in
the second stage and moderately delaying the air supply.
Finally, the movement speed of the bed on the grate is reduced
to increase the thickness of the bed. After all adjustments are
completed, the incinerator gradually approaches a stable
combustion state.

Figure 17 shows photographs of the bed combustion taken
from the rear arch, where it is evident that after operational
adjustments the fire bed is extended. The structure at the top
of the photograph is the back end of the middle arch. Under
common operation conditions, bed combustion is more likely
to concentrate in the front part of the grate, with the flame
mainly in front of the back end of the middle arch. After
adjustments, the extension of bed combustion led to a
significant amount of volatile combusting in the rear of the
middle arch and flowing into the vertical first flue via the rear
channel, consistent with the trends predicted by numerical
simulation.

Regarding the localized high-temperature issues in the
horizontal front channel and the vertical first flue, Figure 18
compares the temperature distribution in the freeboard under
common operation conditions (Figure 18a) and after adjust-
ments (Figure 18b). The panel data shows that the
temperatures at the measurement points in the horizontal
front channel and the vertical first flue have significantly
decreased after the adjustments, effectively solving the previous
local overheating problems, which is also in good agreement

Figure 16. Distribution of NO and NH3 in freeboard after primary air distribution was adjusted.
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with the numerical simulation prediction. As presented in the
simulation results in Figure 13, the reduction in the
temperature of the horizontal front channel is mainly due to
the organization of volatile combustion in a lower area beneath
the middle arch, while it is mainly reductive gases that pass the
front channel. As for the first flue, the double channels formed
by the middle arch create counterflow mixing and reaction
between combustible gases and oxygen, resulting in a more
even temperature distribution within it and preventing the
localized high-temperature problem. Mitigating the local
overheating and slagging problems not only improves opera-
tional efficiency but also extends the lifespan of incinerator
components. This reduction in maintenance needs also
contributes to environmental sustainability by lowering raw
material consumption as well as associated environmental
impacts of manufacturing and transportation.

Lastly, concerning the control effect of NOx, Figure 19
shows the changes in the NOx emission concentration (11%
O2) and boiler load during the adjustment process. Before the
adjustment, the emission concentration of NOx is around 200
mg/(N·m3). With the completion of the adjustment action, the
NOx emission concentration rapidly decreased and eventually

stabilized at around 50 mg/(N·m3). Throughout the entire
adjustment process, the boiler load remained relatively stable.
Considering the deployment of NOx control measures such as
SNCR, the on-site control effect of NOx is consistent with the
numerical simulation, predicting an original NOx concen-
tration of 95.94 mg/(N·m3). This 75% decrease in the NOx
emission, from 200 to 50 mg/(N·m3), substantially lowers the
incinerator’s contribution to air pollution, mitigating potential
health risks and environmental damage associated with NOx,
such as acid rain formation and ground-level ozone production.

In summary, based on the optimization scenario designed by
numerical simulation, the operational adjustments to the
middle-arch incinerator solved local overheating problems at
different positions, significantly reduced NOx emission, and

Figure 17. Photographs of the bed combustion taken from the rear
arch.

Figure 18. Comparison of the temperature distribution in freeboard before (a) and after (b) adjustments.

Figure 19. NOx emission concentration (b, red line) and boiler load
(b, green line) during the adjustments in primary and secondary air
(a).
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nearly had a negative effect on boiler load, achieving the
expected and predicted optimization results.

5. CONCLUSIONS
This study developed a comprehensive model for municipal
solid waste (MSW) incineration by coupling a multiphase fuel
bed model with a 3D furnace combustion model. The fuel bed
model, incorporating a thermally thick particle treatment,
enabled detailed analysis of furnace temperature, component
distribution, and flow field dynamics. The key findings are
presented as follows.
(1) Numerical simulation and analysis of the common

conditions of the incinerator were carried out,
concerning the localized high temperatures and elevated
NOx emission. Major contributors to these issues were
identified, including an imbalanced ratio of primary to
secondary air, excessively rapid flame propagation and
concentrated volatile release in the bed, and poor
component mixing and distribution in the freeboard.

(2) Based on the simulation and evaluation of the effects of
operation parameters, effective mitigation strategies were
developed to address these issues, involving reduction of
the proportion of primary air while increasing secondary
air, adjustment of the distribution of primary air in three
stages with delayed supply toward the burnout stage,
decrease in grate move speed to create a thick-bed
combustion mode, and enhancement in the counterflow
mixing of NH3 and NO at the bottom of first flue.

(3) Through model-guided adjustments, significant im-
provements in incinerator performance were achieved.
NOx emissions were reduced from 200 mg/(N·m3) to
approximately 50 mg/(N·m3). The temperature in the
problematic horizontal front channel, which suffered
from severe slagging, was lowered from 1118 to 957 °C.
Importantly, these optimizations were achieved under a
stable rated boiler load, demonstrating the effectiveness
of the approach.

This research demonstrates the potential of advanced
modeling techniques to optimize MSW incinerator design
and operation. The findings offer practical solutions for
reducing environmental impact and improving operational
efficiency in waste incineration facilities.
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