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Abstract: With the proportion of renewable energy power in the electricity market gradually in-
creasing, coal-fired power is transforming from primary to basic power, with it providing peak and
frequency shaving. However, most current methods for peaking below 50% load have been applied
industrially, sacrificing the efficiency of the unit. This is not in line with the goals of energy conserva-
tion and emission reduction. Therefore, this study proposes a new preheating-based peaking method.
This study experimentally and simulatively explores the flow characteristics, pyrolysis gas law, and
NOx emission characteristics of a preheating burner at 40–100% load. The results show that the burner
has a significant preheating effect, producing high-temperature char and large amounts of pyrolysis
gas. As the load decreases, the burner exit temperature increases, whereas the airflow stiffness
decreases. There is little variation in the pyrolysis gas concentration between 40% and 100% loads.
The NOx concentration at the burner outlet increases and the reduction efficiency decreases with
decreasing load. At 40% load, NOx emissions are 91.53 mg/Nm3 and the reduction efficiency reaches
95.9%. Therefore, preheating is an economical, stable, and low-NOx-emission-peaking method. This
study provides theoretical guidance for the application of preheating burners for the 40–100% load
peaking of coal-fired units.
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1. Introduction

The proportion of renewable energy sources, such as wind and solar energy, has been
gradually increasing in the electricity market, following the principles of carbon peaking
and carbon neutrality [1–3]. However, owing to the strong intermittency and fluctuation of
renewable energy used for large-scale power, power grids face enormous peaking pressure
to ensure stability [4,5]. Coal-fired power accounted for 35.4% of total global power in
2022 [6]. Owing to its stability, coal-fired power is transitioning from a main power source
to a basic power source, providing peak and frequency shaving [7]. It is inevitable that
coal-fired power plants will operate at low loads and with load jumping for prolonged
periods to achieve power peaking.

With changes in energy demand, coal-fired power is facing new challenges, such as
unstable combustion, the low efficiency of denitrification systems, and poor unit economics
at low loads [8]. Most coal-fired units are designed for a 70–100% load. Actual loads
below 70% reduce combustion stability and even cause the flame in the boiler to turn
off. Currently, boiler denitrification systems mainly adopt selective catalytic reduction
(SCR) technology [9]. When the load is below 45%, the flue gas temperature at the SCR
inlet will be below the active temperature of the catalyst. This reduces the efficiency of
the denitrification system, resulting in NOx emissions exceeding acceptable limits [10].
Moreover, when the boiler operates outside its design load, the reduced efficiency of the
unit creates additional economic costs.

Processes 2024, 12, 346. https://doi.org/10.3390/pr12020346 https://www.mdpi.com/journal/processes

https://doi.org/10.3390/pr12020346
https://doi.org/10.3390/pr12020346
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/processes
https://www.mdpi.com
https://doi.org/10.3390/pr12020346
https://www.mdpi.com/journal/processes
https://www.mdpi.com/article/10.3390/pr12020346?type=check_update&version=1


Processes 2024, 12, 346 2 of 16

In recent times, many researchers have focused on the efficient and stable operation
of coal-fired units under low loads. Jiang et al. [11] achieved stable combustion and ultra-
low pollutant emissions in a 550 MW tangential coal-fired boiler at a 50% load with NOx
reduction of approximately 62 ppm by adjusting the burner arrangement, close-coupled
overfire air (CCOFA)/separated overfire air (SOFA) distribution, and excess air coefficient.
Zhao et al. [12] proposed a new annular fuel–air control strategy to experimentally and
numerically investigate the combustion characteristics and NOx emissions of a 1000 MW
corner-fired tower boiler at low loads. The new control strategy reduced NOx emissions at
the SCR inlet by approximately 20% compared with the original control strategy at 50–100%
loads. Chang et al. [13] mitigated the problem of reduced combustion stability and increased
NOx emissions at 50% load in a 630 MW tangentially fired boiler by adjusting the burner
angles and combinations. The ABDE burner arrangement ensured stable combustion and
low NOx emissions (209 mg/m3 at 6% O2). These studies showed that stable combustion
and low NOx emissions at 50% load can be achieved by adjusting the combustion method
and control strategy. However, there are challenges in operating coal-fired units below
a 50% load. Currently, most coal-fired power plants achieve stable combustion at less
than 50% of the load in the short term by burning oil or turning on a plasma igniter [14].
Moreover, the SCR inlet flue gas is heated to over 300 ◦C by the feedwater bypass to enable
the SCR to operate efficiently [15]. Most coal-fired power plants cope with peaking below
50% load at the expense of unit efficiency, and the initial NOx emissions are much higher
than the emission limits. Therefore, further exploration is required to achieve the goals of
high economy, stable combustion, and low NOx emissions during peaking.

Preheating is a cost-effective low-NOx combustion method. In the 1980s, the All-
Russian Research Institute of Thermal Engineering [16] proposed, for the first time, a
method of natural gas preheating in combination with the air staged combustion technol-
ogy, which divides the pulverized coal combustion process into three zones: pyrolysis,
reduction, and combustion zones. When the preheating temperature reaches 1000 K, NOx
emission is reduced by 80% to 138 mg/Nm3 at 6% O2. Afterwards, the US Gas Technol-
ogy Institute piloted a 0.88 MW test for preheating, with the gas input accounting for
7% to 12% of the total heat input. When the residence time of pulverized coal in the
pre-combustion chamber increased from 21 ms to 42 ms, the NOx emission was reduced
by 45%. In recent years, there has been rapid development in pulverized coal preheat-
ing combustion technology. Rahimipetroudi et al. [17] designed an advanced dual-fuel
pulverized coal–natural gas burner based on preheating and co-firing methods, which
significantly improved the combustion characteristics and reduced NOx emissions by up
to 50%. The Chinese Academy of Sciences [18] conducted an ultra-low NOx combustion
test on a 2 MW pulverized coal preheating combustion pilot device, achieving efficient
combustion and ultra-low NOx emissions using Shenmu bituminous coal; the calculated
combustion efficiency was 99.4% and the initial NOx emissions were 49 mg/m3 at 6% O2.
Ouyang et al. [19] investigated the NOx emission characteristics of ultrafine pulverized
coal on a 200 kW circulating fluidized bed. The average particle size of pulverized coal
was 18.38 µm, and the preheating temperature was 901 ◦C. The excess air coefficient in the
pyrolysis zone, reduction zone, and combustion zone was 0.14, 0.48, and 1.26, respectively.
The lowest NOx emission was 92 mg /Nm3, and the combustion efficiency was 97.12%. Lv
et al. [20] used a two-stage drop-tube furnace system to study the effects of excess air coeffi-
cient, preheating temperature, and combustion temperature on NO emissions and burnout.
When the preheating temperature increased to 1200 ◦C, the unburned carbon content in
fly ash and NO emissions were reduced by 43.2% and 48.3%, respectively. Preheating
converts the solid fuel into high-temperature char and pyrolysis gas before it enters the
furnace, and pyrolysis gas can aid in reducing NOx emissions. The high physical sensible
heat of the char and high calorific value of the pyrolysis gas result in quick ignition after
entering the furnace, favoring combustion stability and economy. It is clear that preheating
combustion technology has the advantage of peaking. In this study, a novel method based
on preheating is proposed to address the problems encountered during peaking.
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This study is the first to investigate burner preheating characteristics at 40–100%
load in detail using an experimental and numerical methodology. First, we analyzed
the airflow characteristics and particle motion in the preheating burner under different
loads. Subsequently, the pyrolysis gas law was investigated. Finally, we explored the NOx
emission characteristics and key factors affecting reduction efficiency. Our findings can
provide theoretical support for the application of preheating burners for the 40–100% load
peaking of coal-fired units.

2. Model Details

In this study, the preheating burner characteristics at 40–100% load were investigated
using experimental and numerical methods. Full-scale thermal state experiments were
conducted, and simulations were performed using commercial Ansys Fluent 2020 software
(https://www.ansys.com/products/fluids/ansys-fluent (accessed on 21 January 2023)).
Emphasis was placed on studying the flow characteristics, pyrolysis gas law, and NOx emis-
sion characteristics in the preheating burner through numerical simulations. The plasma
was appropriately simplified and equated to 2800 K hot air using energy conservation
calculations [21–23].

2.1. Physical Model

The structure and grid of the preheated burner are shown in Figure 1. The dimensions
labeled in Figure 1a are the same as the actual dimensions of the burner. The plasma igniter
diameter is 100 mm. The inlet diameter of the mixture of primary air and pulverized coal
is 600 mm, after which it widens to a diameter of 2000 mm, and the outlet of the gas–solid
mixture tapers to a diameter of 1000 mm. The overall burner height is 8000 mm. Figure 1b,c
show the burner inlet and outlet grids and the cross-sectional grid, respectively, all of which
consist of hexahedral-structured cells. The mesh refinement of the central region can accurately
describe the combustion. When the number of cells reaches 1,254,627, no significant differences
are observed in the calculation results after increasing the number of cells. Therefore, a mesh of
1,254,627 cells is used for all subsequent calculations, considering both computational accuracy
and cost. The experimental setup is illustrated in Figure 1d. The experimental equipment
includes an air compressor, a coal feeder (error ± 2%), a plasma igniter, and a preheating
burner. The measuring instrument consists of a platinum–rhodium type thermocouple
(0 ◦C–1700 ◦C) and a Testo 350 flue gas analyzer (error ± 0.2 vol%).
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sectional grid, and (d) experimental setup.

Shenhua coal, which is representative of Chinese coal, was selected as the fuel for
the experiment. Proximate and ultimate analyses were performed using GB-T212 and
GB-T476 standards, respectively [24]. The results are summarized in Table 1. Since the

https://www.ansys.com/products/fluids/ansys-fluent
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diameter of the particles after grinding is not uniform, in the simulation, it is assumed
that the diameter of the particles follows the Rosin–Rammler distribution with a spread
parameter of 1.12 [25,26]. The particle diameter ranges from 5.8 to 230 µm with an average
diameter of 62 µm. A total of 16,413 coal particles are tracked.

Table 1. Proximate and ultimate analysis data of Shenhua coal (as-received basis).

Proximate Analysis, % Ultimate Analysis, %

Moisture 14.50 C 65.10
Ash 7.37 H 3.25

Volatile 28.67 O 8.08
Fixed carbon 49.46 N 0.66

S 0.71

2.2. Mathematical Model

Computational fluid dynamics (CFD) has been widely used to design and improve
combustion equipment [27,28]. Numerical modeling is based on the Euler–Lagrange
framework for a three-dimensional gas–solid two-phase flow. The gas- and solid-phase
conservation equations are solved using the Euler and Lagrange equations, respectively.
These two phases couple with each other by exchanging source terms. The semi-implicit
method for pressure-linked equations is used for pressure–velocity coupling. The space
derivatives of the diffusion terms and stiff nonlinear terms are discretized using central
differential and second-order schemes, respectively. The calculation is considered to con-
verge when the energy residual is less than 10−6. The detailed model and parameters are
presented in Table 2.

Table 2. Model parameters.

Item Model Parameters

Turbulence Realizable k-ε model

Radiation Discrete ordinates model Theta/Phi divisions 4 × 4
Theta/Phi pixels 2 × 2

Absorption coefficient WSGGM model
Turbulence–chemistry interaction EDC model

Lagrangian stochastic tracking Discrete random walk model Number of tries: 10

Particle radiation parameters Emissivity: 0.9
Scattering factor: 0.6

Devolatilization Single reaction rate model A: 41,230 s−1

E: 3.76 × 107 J/kgmol
Char reaction model Multiple surface reactions model

Gas–particle coupling Particle-source-in-cell method
Thermal NOx model Extended Zeldovich mechanism

Fuel NOx model De Soete mechanism

NOx reduction by the char surface d[NO]
dt = 230 × e

−142,737
RT AEPNO

AE: Area of the char surface
PNO: Partial pressure of NO

NOx reduction through reburning
d[NO]

dt = −k1[CH][NO]
−k2[CH2][NO]− k3[CH3][NO]

k1 = 108; k2 = 1.4 × 106 e−550/T; k3 = 2 × 105

The pre-exponential factor and activation energy of the single reaction rate devolatiliza-
tion model were determined using the FLASHCHAIN model [29,30]. It is assumed that
the char consists of pure carbon and ash and the volatile substance is the virtual substance
CaHbOcSdNe [31,32], where a, b, c, d, and e are obtained through mass conservation.

The variation in the specific surface area owing to changes in the pore structure of
the particles is one of the main factors affecting the char reaction rate [33,34]. A signif-
icant expansion of char pores during preheating was observed using scanning electron
microscopy [19,35]. This study introduces the random pore model to correct the char
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reaction rate. The random pore model assumes that the surface area of the char particles is
a function of the char conversion [36]. It is described as follows:

Ap = Ap,0(1 − x)
√

1 − ψ ln(1 − x) (1)

ψ is a pore structure parameter, related to porosity. The value of ψ ranges from 0 to 25, and
a typical value of 5 is chosen in this study [37].

The char conversion is as follows:

x =
mp,0 − mp

mp,0 − mash
(2)

The char particles are assumed to be spherical with a constant diameter. The Stephan
flow and gas-phase reactions within the boundary layer are neglected [36].

The char consumption rate for the reaction r is expressed as follows:

dmc,r

dt
= ApηrYcRr (3)

Combining Equations (1) and (3), the char consumption rate is as follows:

dmc,r

dt
= Ap,0ηrYcRr(1 − x)

√
1 − ψ ln(1 − x) (4)

This model is able to capture the effect of changes in char pore structure on the reaction
rate. The above equations are achieved using a user-defined function (UDF).

2.3. Chemical Mechanism

Many complex chemical reactions, including volatile pyrolysis and combustion and
char combustion and gasification, occur during preheating [5,38]. The gas-phase reaction
and kinetic parameters are listed in Table 3, where x1–x5 are obtained through mass
conservation [39]. Since each reaction has a different Arrhenius rate, the eddy dissipation
concept (EDC) model is chosen to describe the interaction between turbulence and chemical
reactions. The EDC model assumes that detailed chemical reactions occur in fine turbulent
structures [40]. The char reactions and kinetic parameters are presented in Table 4.

Table 3. Kinetic parameters of gas-phase reactions.

Gas-Phase Reactions Ar Er (J/kmol) m a b c Ref.

R1 Vol→x1CH4 + x2CO + x3H2 + x4SO2 + x5N2 1018 0 0 0 0 0 [23]
R2 CO + 0.5O2→CO2 2.24 × 1012 1.67 × 108 0 1 0.25 0.5[H2O] [41]
R3 H2 + 0.5O2→H2O 6.8 × 1015 1.67 × 108 −1 0.25 1.5 0 [41]
R4 CH4 + 2O2→CO2 + 2H2O 2.12 × 1011 2.05 × 108 0 0.2 1.3 0 [42]
R5 CO + H2O→CO2 + H2 2.34 × 1010 2.88 × 108 0 0.5 1 0 [43]
R6 CO2 + H2→CO + H2O 2.2 × 107 1.9 × 108 0 0.5 1 0 [44]
R7 CH4 + H2O→CO + 3H2 8.0 × 107 2.51 × 108 0 0.5 1 0 [44]

Table 4. Kinetic parameters of char reactions.

Char Phase Reactions Ar Er (J/kmol) n Ref.

R1 C(s) + 0.5O2→CO 113 1.3 × 108 0.68 [45]
R2 C(s) + CO2→2CO 62.3 2.53 × 108 1 [46]
R3 C(s) + H2O→CO + H2 0.47 1.91 × 108 1 [46]
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3. Experimental Steps and Case Conditions
3.1. Experimental Steps

Primary air is fed by the air compressor with a flow rate of 2.89 kg/s. Primary air
carries pulverized coal from the feeder into the preheating burner. The mass flow rate
of pulverized coal is controlled by the powder feeder with a mass flow rate of 1.24 kg/s
and an error of no more than 0.05 kg/s. Afterward, the mixture of air and pulverized
coal is ignited using a plasma igniter, which preheats the pulverized coal in the burner. A
thermocouple is inserted 20 mm into the burner outlet side. Pyrolysis gas continuously
samples through the tube at the same position. The flue gas is filtered and enters the gas
analyzer for analysis. Counting begins after the burner outlet temperature fluctuates by
less than 10 K and the pyrolysis gas composition changes by less than 0.2%.

3.2. Case Conditions

Four cases are designed in this study as shown in Table 5. The boundary conditions of
Case 1 are the same as the experimental conditions in Section 3.1, and Case 1 is considered
the validation case. According to a previous study, the excess air coefficient is maintained
at approximately 0.3 to ensure the optimal preheating effect [22]; therefore, the excess air
coefficient is controlled at 0.3. The preheating burners are designed for variable loads
ranging from 40% to 100%, which represents the current major peaking range. The primary
air temperature is 301.5 K, and the relative humidity is 82%. A change in relative humidity
will cause a slight change in air composition. The model considers this variation to ensure
an overall mass balance.

Table 5. Case setup.

Pulverized Coal (kg/s) Primary Air (kg/s) Excess Air Coefficient Load (%)

Case 1 a 1.24 2.89 0.3 100
Case 2 0.86 2.02 0.3 70
Case 3 0.62 1.45 0.3 50
Case 4 0.50 1.16 0.3 40

a Field test performed.

4. Results and Discussion

In this study, a full-scale preheating burner thermal-state experiment (Case 1) was con-
ducted. The outlet temperature was maintained at around 1040 ◦C, while the gas-phase
products contained 2.93% CH4, 9.53% H2, and 16.83% CO. This result is similar to the experi-
mental results reported by Hui et al. [47,48]. Thermal modification of the fuel occurs at a high
ambient temperature, which improves fire performance. Fuel nitrogen (Fuel-N) precipitated
under a reducing atmosphere is converted to N2, thereby reducing NO emissions [49]. The
experimental results show that the burner exhibits excellent preheating performance.

The deviations between the simulations and experimental results are shown in Figure 2.
None of the deviations exceed 6%, which is within an acceptable range and meets the require-
ments for industrial applications [50]. Simulations can accurately predict the temperature and
gas–solid conversion characteristics of the preheating burner. The preheating characteristics at
40–100% load will be analyzed in detail in the subsequent subsections.

4.1. Flow Analysis

Temperature is an important factor for evaluating operational stability [51]. Figure 3a
shows the axial temperature, which first increases and then decreases. The primary air
carries the pulverized coal into the preheating burner. It is fired by plasma, increasing
the temperature rapidly. Since the excess air coefficient is much lower than 1, O2 is
rapidly consumed, and the exothermic combustion reaction proceeds until completion.
Subsequently, heat-absorbing gasification reactions dominate [52], which is the main reason
for the decrease in axial temperature. When the excess air coefficient remains at 0.3, the
primary air decreases accordingly as the load decreases. The total heat from the plasma
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remains constant; therefore, there is an increase in heat absorption per unit mass of flue
gas, resulting in an increase in the axial temperature with decreasing load. In addition,
dilute pulverized coal is more fully mixed at low loads. The particles collide with each
other and break up, increasing the temperature [53]. The outlet temperature at 40% load is
144 ◦C higher than that at 100% load. This demonstrates that preheated burners can exhibit
combustion stability even at 40% load.
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Figure 3. Preheating burner axial temperature (a) and velocity (b).

Figure 3b shows the axial velocity. There is good correspondence between the axial
velocity and temperature. Initially, the thermal movement of the gas molecules accelerates
because of the increase in temperature, which leads to a rapid increase in axial velocity.
Subsequently, the airflow velocity decreases as the temperature decreases. The velocity of
the trailing airflow rises because the shrinking of the tail structure increases the number
of collisions between the gas molecules. The exit velocity decreases as the load decreases.
Lower airflow stiffness is an inevitable result of operation under low-load conditions.

Figure 4 shows the particle trajectories colored according to the particle residence
time. The residence time of the particles significantly increases as the load decreases.
This provides a longer time for char gasification at low loads, facilitating the formation
of pyrolysis gas and the conversion of Fuel-N. Table 6 summarizes the volatile and char
conversions and particle residence times at different loads. The coal pulverized is preheated
to more than 1000 ◦C at the burner inlet under plasma action. All of the volatiles precipitate
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instantly, and the conversion reaches 100% [17,54]. Some volatiles are burned to provide
energy for preheating. The remaining volatiles are pyrolyzed to produce reducing gases
under high-temperature conditions. Char conversion increases as the load decreases.
On the one hand, the char gasification reaction is promoted by the higher preheating
temperature. On the other hand, more char is converted because of the increase in the
average residence time of the particles [55,56]. Figure 5 shows the particle trajectories
colored according to temperature. At low loads, the particles exhibit a faster heating rate,
and the high-temperature region moves toward the burner inlet. Of note, pulverized dilute
coal is easier to ignite.
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Table 6. Summary of particle residue times and conversion.

Load (%)
Conversion of Particles (%)

Average Residue Time of Particles (s)
Volatile Char

Case 1 100 100 50.97 1.87
Case 2 70 100 54.74 2.02
Case 3 50 100 57.34 2.24
Case 4 40 100 59.89 2.43

4.2. Pyrolysis Gas Analysis

The main components of pyrolysis gas include CH4, CO, and H2, which exhibit strong
reducing properties [57,58]. Figure 6 shows the CH4 mole fraction contours. The CH4 mole
fraction is determined using gas-phase reactions R1, R4, and R7. The CH4 distribution
corresponds to the high-temperature region, where high temperatures promote the volatile
pyrolysis reaction R1 to produce CH4. Since the excess air coefficients are the same for
different loads, the gas-phase reaction R4 has little influence on CH4. The hydrolysis
reaction R7 has an important effect on CH4, and high temperatures promote R7. Partial
CH4 hydrolysis is the main reason for the decrease in CH4, and the elevated CO and H2
mole fractions validate this finding.



Processes 2024, 12, 346 9 of 16Processes 2024, 12, x FOR PEER REVIEW 9 of 16 
 

 

 
Figure 5. Coal particle trajectories colored according to particle temperature: (a) 100%, (b) 70%, (c) 
50%, and (d) 40% load. 

4.2. Pyrolysis Gas Analysis 
The main components of pyrolysis gas include CH4, CO, and H2, which exhibit 

strong reducing properties [57,58]. Figure 6 shows the CH4 mole fraction contours. The 
CH4 mole fraction is determined using gas-phase reactions R1, R4, and R7. The CH4 dis-
tribution corresponds to the high-temperature region, where high temperatures promote 
the volatile pyrolysis reaction R1 to produce CH4. Since the excess air coefficients are the 
same for different loads, the gas-phase reaction R4 has little influence on CH4. The hy-
drolysis reaction R7 has an important effect on CH4, and high temperatures promote R7. 
Partial CH4 hydrolysis is the main reason for the decrease in CH4, and the elevated CO 
and H2 mole fractions validate this finding. 

 

Figure 5. Coal particle trajectories colored according to particle temperature: (a) 100%, (b) 70%,
(c) 50%, and (d) 40% load.

Processes 2024, 12, x FOR PEER REVIEW 9 of 16 
 

 

 
Figure 5. Coal particle trajectories colored according to particle temperature: (a) 100%, (b) 70%, (c) 
50%, and (d) 40% load. 

4.2. Pyrolysis Gas Analysis 
The main components of pyrolysis gas include CH4, CO, and H2, which exhibit 

strong reducing properties [57,58]. Figure 6 shows the CH4 mole fraction contours. The 
CH4 mole fraction is determined using gas-phase reactions R1, R4, and R7. The CH4 dis-
tribution corresponds to the high-temperature region, where high temperatures promote 
the volatile pyrolysis reaction R1 to produce CH4. Since the excess air coefficients are the 
same for different loads, the gas-phase reaction R4 has little influence on CH4. The hy-
drolysis reaction R7 has an important effect on CH4, and high temperatures promote R7. 
Partial CH4 hydrolysis is the main reason for the decrease in CH4, and the elevated CO 
and H2 mole fractions validate this finding. 

 

Figure 6. CH4 mole fraction contours: (a) 100%, (b) 70%, (c) 50%, and (d) 40% load.

Figure 7 shows the H2 mole fraction contours. The formation of H2 is more complex
than that of CH4. The volatiles are pyrolyzed to form H2, with H2 then reacting with O2 at
the inlet to release heat for preheating. The position of H2 formation advances as the load
decreases. This is the result of primary air reduction at low loads. The H2 mole fraction
increases with decreasing load. Increasing the temperature promotes the formation of H2
from the gas-phase reactions R5 and R7. Moreover, char pore expansion and a prolonged
residence time facilitate the char gasification reaction [20,59], contributing to an increase in
H2. Figure 8 shows the CO mole fraction contours. Carbon monoxide is mainly derived
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from volatile pyrolysis and char gasification. The variation trend and formation mechanism
of CO are similar to those of H2 and will not be discussed in this paper.
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The pyrolysis gas mole fraction is defined as follows:

Xpyrolysis gas = XCH4 + XCO + XH2 (5)

The pyrolysis gas concentration is an essential standard for evaluating the effects of
preheating [60,61]. Pyrolysis gas is not only a reducing agent that promotes the conversion of
Fuel-N to N2, but it also has a high calorific value that enhances char burnout and improves
unit economics. This is one of the key advantages of preheating combustion technology [10,47].
Figure 9a shows the gas-phase mole fractions at different loads. The CH4 mole fraction varies
significantly at 40% load, decreasing by 70.3%. CO and H2 mole fractions increase by 17.7%
and 17.3%, respectively. The decrease in the CO2 mole fraction is a result of the low load
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promoting the char gasification reaction R2, which results in CO2 reduction and an increase
in CO. Figure 9b shows the mole fraction of pyrolysis gas. When the load ranges from 40%
to 100%, Xpyrolysis gas exceeds 30% in all cases. Xpyrolysis gas demonstrates little variation as
the effective gases increase or decrease. Preheating burners can provide stable pyrolysis gas
formation and improve combustion economics at 40–100% load.
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4.3. NOx Emissions Analysis

Nitrogen oxide accounts for more than 90% of NOx in the flue gas; therefore, only NO
is considered in this study. The NOx emissions are calculated based on 6% O2 in the flue
gas [62]. The outlet NOx emissions are shown in Figure 10, which shows that they gradually
increase as the load decreases. NOx emissions reach 91.53 mg/Nm3 at 40% load. There are
several reasons for this observation. First, the higher temperature causes the formation
of more thermal NO. Second, higher char conversion results in more Fuel-N precipitates.
Finally, lower CH4 concentrations significantly contribute to higher NOx emissions at low
loads. Many studies demonstrate the efficient reduction of NO using hydrocarbons [63–65].
Free hydrocarbon radicals combine with NO to form nitrogen-containing intermediates,
which are then reduced to N2.
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Fuel-N conversion is defined as follows:

XN = aXVolatile−N + bXChar−N (6)

where a and b are the volatile conversion and char conversion (%), respectively.
The theoretical mass of fuel NO precipitated is as follows:

mT−NO = m × n × XN × 2.14 (7)

where m is coal mass (kg), n is the nitrogen share of coal, and 2.14 is the mass conversion of
N atoms into NO molecules.

The reduction efficiency is expressed as follows:

η =
mT−NO − mNO

mT−NO
(8)

Figure 11 illustrates the Fuel-N conversion and reduction efficiency. To quantitatively
analyze the Fuel-N conversion process, we assume that the proportion of volatile nitrogen
and char nitrogen precipitated is equal to the conversion of volatiles and char, respectively.
Char conversion increases as the load decreases. Hence, Fuel-N conversion increases. The
Fuel-N conversion is 85.5% at 40% load. Preheating can precipitate more than 80% of the
Fuel-N from the pulverized coal. The reduction efficiency is the ratio of fuel NO that has
been reduced to fuel NO that theoretically precipitates. With decreasing load, the input
Fuel-N decreases, and the outlet NOx emissions increase, reducing the reduction efficiency.
The reduction efficiency reaches 95.9% at 40% load. This study has certain limitations: it
explores only the nitrogen removal characteristics of a preheated burner. In future work,
boilers should be coupled to evaluate the nitrogen reduction effect of the entire power
system. In addition, the examined preheating burner is still in the experimental stage of
production and there are related issues including the large size and high cost during power
plant retrofitting. In the future, there will be a need to downsize preheating burners and
reduce plant retrofitting costs, as well as further reducing NOx emissions.
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5. Conclusions

Preheating technology can improve combustion stability and economy and reduce
NOx emissions in coal-fired plants. In this study, a novel peaking method based on pre-
heating is proposed to address the problems encountered during peaking. The preheating
characteristics at 40–100% load were explored in detail to offer theoretical guidance for
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the application of preheating burners for peaking. The main conclusions of this study are
as follows:

1. Preheating is a peaking method with outstanding economy, combustion stability,
and low NOx emissions. A preheating burner is capable of consistently producing
high-temperature char and large amounts of pyrolysis gas (CH4, CO, and H2) at
40–100% load. With decreasing load, the burner outlet temperature increases and the
airflow stiffness decreases. In addition, the particle residence time is extended, and
the char conversion increases as the load decreases.

2. CH4 hydrolysis results in a decrease in the CH4 mole fraction with decreasing load,
and CO and H2 increase in the mole fraction due to volatile pyrolysis and char
gasification. Xpyrolysis gas demonstrates little variation at 40–100% load, indicating that
the preheating burner can produce pyrolysis gas stably below 50% load.

3. The burner outlet NOx emissions are 26.82 mg/Nm3 at 100% load. As the load
decreases, NOx emissions increase owing to high Fuel-N conversion and reduced
hydrocarbons. NOx emissions are 91.53 mg/Nm3 at 40% load.

4. The preheating method precipitates more than 80% of the Fuel-N from pulverized
coal. The reduction efficiency decreases with a decrease in load. At 40% load, the
reduction efficiency reaches 95.9%.
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editing, H.T.; software, J.Q. All authors have read and agreed to the published version of the manuscript.
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Abbreviations

SCR Selective catalytic reduction
CCOFA Close-coupled overfire air
SOFA Separated overfire air
UDF User-defined function
EDC Eddy-dissipation concept
Fuel-N Fuel nitrogen
Symbols
Ap Particle surface area (m2)
Ap,0 Particle surface area at the initial state (m2)
x Total carbon conversion of char particles
mp Particle mass (kg)
mp,0 Initial particle mass (kg)
mash Mass of ash (kg)
r Reaction order
mc,r Mass of char particles consumed for reaction r (kg)
Yc Mass fraction of char in the particles
Rr Rate of particle surface species reaction per unit area (kg·m−2·s−1)
Xpyrolysis gas Pyrolysis gas mole fraction (%)
CH4 Mole fraction (%)
XCO CO mole fraction (%)
H2 Mole fraction (%)
XN Fuel-N conversion (%)
a Volatile conversion (%)
b Char conversion (%)
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XVolatile-N Volatile-N percentage (%)
XChar-N Char-N percentage (%)
mT-NO Theoretical mass of fuel NO precipitated (kg/s)
mNO Mass of outlet NO (kg/s)
m Coal mass (kg)
n Nitrogen share of coal
Greek Letters
ψ Pore structure parameter (dimensionless)
ηr Effectiveness factor (dimensionless)
η Reduction efficiency (%)
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