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Revised: 5 June 2026 conventional fossil fuels, helping to reduce carbon emissions and serving as a new
Accepted: 12 June 2026 source of clean energy. This study investigates a 660 MW coal-fired boiler using
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emissions during co-firing with ammonia. For single-layer co-firing (ammonia
injected into one of the five primary air nozzle layers), the optimal condition is 15%
ammonia addition in the fourth layer, giving a furnace outlet oxygen concentration
of about 3.2% and NOy emissions reduced to 120 ppm. For multi-layer co-firing
(ammonia injected into all five layers), the 20% ammonia co-firing ratio yields the
best overall performance, with a furnace temperature of approximately 1800 K,
outlet oxygen of 3.3%, and NOx emissions of 5.3 ppm (volumetric concentration
equivalent). The addition of ammonia delays the ignition point of the fuel mixture,
resulting in a lower combustion temperature in the furnace. In regions with low
oxygen content, ammonia and nitrogen oxides undergo complete reduction
reactions, which lowers nitrogen oxide emissions. This process achieves
combustion that is efficient, low-carbon, and low-pollution.
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1. Introduction

In 2023, China’s carbon dioxide emissions surged by 565 million tons, reaching a total of 12.6 billion tons,
which represents a growth rate of 4.7%. Specifically, emissions from energy combustion rose by 5.2%, while
emissions from industrial processes remained relatively stable [1]. Coal-fired power plants play a pivotal role in this
context. By the end 02023, the total installed capacity of coal-fired power plants in China had reached approximately
1.39 billion kW, accounting for around 48% of the country’s total installed power capacity and 66% of national
electricity generation [2]. Globally, coal-fired power generation contributes to over one-third of energy-related
electricity and accounts for 44% of global CO, emissions [3]. This underscores the critical and irreplaceable role of
coal-fired power generation, as it contributes nearly half of total carbon emissions. Therefore, a low-carbon
transformation of coal-fired power generation is imperative. Ammonia, a compound of nitrogen and hydrogen,
emerges as a potential clean energy alternative due to its carbon-free nature, releasing no CO, upon combustion.
Within the framework of the dual-carbon objective, ammonia’s clean-burning properties position it as an increasingly
viable energy source. Additionally, ammonia has a considerable energy density [4]. With its high calorific value, ease
of production, and convenient transportation, ammonia holds substantial promise in energy applications.

Nagatani et al [5,6] observed in their combustion experiments that introducing ammonia fuel through the
central pipeline of a pulverized coal burner in a 10 MW test furnace shifted the ignition point of the fuel mixture,
causing the flame’s combustion zone to move further from the burner outlet.
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Xia et al [7,8] investigated subsequent flame behavior, specifically examining how the flame propagation
speed of the ammonia-coal mixture was influenced by the ammonia equivalence ratio.

Ishihara et al [9]. utilized three-dimensional simulation modeling, revealing that with a 20% ammonia
blending ratio, nitrogen oxide (NO) emissions remained low, but increased proportionally with higher ammonia
concentrations between 20% and 60%. Notably, when the NH; ratio reached 80%, NO emissions reduced to
approximately 40%.

Zhang et al [10]. applied modeling and simulation methods to analyze the effects of ammonia blending in
combustion. Their results indicate that with increased ammonia blending, the nozzle outlet velocity rose, which
subsequently altered the combustion characteristics within the furnace. Particularly, when the ammonia blending
ratio surpassed 30%, nitrogen oxide (NOy) emissions were effectively minimized.

Zhou et al [11]. synthesized findings from previous research [12—16] to perform a comprehensive analysis of
ammonia combustion. Their analysis revealed that when the ammonia-to-air mixing ratio slightly exceeds unity,
the unstretched laminar flame speed of the mixture is approximately 0.07 m/s, substantially lower than that of
methane and hydrogen. These results suggest that the combustion characteristics improve when ammonia is
blended with air.

Xu et al. [17], in collaboration with IHI, assessed the feasibility and effects of integrating ammonia into
existing coal-fired boilers. Their findings indicated that, following the introduction of ammonia as a co-firing fuel,
the overall boiler efficiency experienced only a minimal decline. This suggests a promising approach to incorporate
ammonia in conventional boiler systems as an alternative fuel solution.

On 24 January 2022, the China Energy Investment Corporation proposed a technique for co-firing ammonia
in coal-fired boilers. Initial studies indicate that co-firing ammonia has minimal impact on boiler operation, while
showing improvements in fuel burnout and nitrogen oxide emissions compared to conventional coal combustion.
This method demonstrates a viable approach to significantly reduce carbon dioxide emissions through ammonia-
coal co-combustion.

The reaction processes and mechanisms between ammonia and coal particles remain unclear. High ammonia
co-firing ratios are still only simulated, and their overall effects on flow and reactions are unknown. NOy formation
in multi-burner systems needs further study. Current research is limited to low co-firing ratios, where many factors
have limited influence, failing to reveal the true NOy formation patterns. The deeper causes of NOy production are
also poorly understood.

This study numerically investigates the combustion characteristics and pollutant emissions of a 660 MW
coal-fired boiler co-firing pulverized coal with ammonia using Fluent software. Two co-firing strategies are
considered: single-layer co-firing, where ammonia is injected into one of the five primary air nozzle layers at ratios
of 10%, 15%, and 20%; and multi-layer co-firing, where ammonia is injected into all five layers at ratios of 10%,
20%, and 30%. The simulations aim to determine the optimal ammonia blending ratio and injection strategy for
achieving efficient combustion with minimal NOy emissions.

2. Calculation Method and Operating Condition Setting
2.1. Overview of the Boiler

The power plant’s 2030 t/h m-type once-through boiler features primary intermediate reheating, ultra-
supercritical pressure variable operation, a single furnace structure, balanced ventilation, solid-state slagging, an
all-steel frame, full suspension configuration, and a compact closed layout. This boiler utilizes a positive-pressure,
direct-fired pulverizing system with cold primary air, equipped with six medium-speed coal mills (model
MPS212HP-II) per furnace. Of these, five mills are operational while one serves as a standby when using
Zhundong coal. The pulverized coal fineness, R90, is set at 15%. The furnace dimensions are 20.402 m x 20.072
m x 78 m, with an imaginary tangent circle diameter of 697 mm.

The burners are arranged in a tangential, four-corner configuration, with 28 nozzle layers per corner. These
28 layers consist of six primary air layers (A, B, C, D, E, F), fifteen secondary air layers (A1, A2, B1, B2, BC, C1,
C2, D1, D2, DE, El, E2, EF, F1, F2), and seven overfire air layers (L-SOFA1-L-SOFA4 and U-SOFA1-U-
SOFA3). Each primary air layer supports four burners connected to a single coal mill. The primary burners are of
low- NOx, rich/lean type. Secondary air is supplied through the fifteen secondary air layers, with auxiliary oil
burners installed at the BC, DE, and EF layers for ignition and low-load stabilization. The overfire air system
enables staged combustion, effectively reducing NOx emissions by creating fuel-rich and fuel-lean zones along the
furnace height. Ammonia is pre-mixed with primary air and then co-injected with pulverized coal through the
primary air nozzles.
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Figure 1 illustrates the boiler’s main dimensions and burner cross-section, where injection angles of 43° and
46° form an imaginary circle at the center.
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Figure 1. Furnace structure and burner.

The coal used are shown in Table 1. The burner design parameters at maximum continuous rating (MCR) are
listed in Table 2.

Table 1. Coal characteristics.

Industrial Analysis (as Received Base, %) Elemental Analysis (as Received Basis, %) As Received Base
M A \4 FC C H N S [0) Low Heating Value (MJ/kg)
29.6 4.45 20.3 45.65 53.04 2.42 0.55 0.77 9.17 19.7

Table 2. Burner design parameters at maximum continuous rating (MCR).

Parameter Ratio (%) Velocity (m/s) Temperature (°C)
Primary air 25.7 26 65
Secondary air 703 50 365

(including over-fire air)

According to the burner design parameters at maximum continuous rating, the primary air velocity is 26 m/s,
and the primary air temperature is 65 °C. The pulverized coal particles are carried by the primary air, and their
temperature is assumed to be the same as the primary air inlet temperature. Ammonia is premixed with the primary
air and injected through the same nozzles, so its velocity is also 26 m/s. As reported by Zhang et al. [10], the
injection velocity strongly affects flame aerodynamics and combustion characteristics in the near-nozzle region.
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For ammonia co-firing cases, the premixed ammonia slightly increases the total volumetric flow rate, but the
resulting velocity variation is negligible; therefore, the inlet velocity remains at approximately 26 m/s.

2.2. Mathematical Model
In this study, the trajectories of pulverized coal particles are simulated using a stochastic trajectory model in
the Lagrangian framework. The particle motion is described as follows:
duip
Pdt

where m,, is the particle mass, u;, the instantaneous particle velocity, Cp the drag coefficient, p, the gas density,
Ap the particle frontal area, y;; the mean particle velocity, and p;, the fluctuating particle velocity.

The continuity, momentum, and energy equations for the gas flow inside the coal-fired boiler are given as follows:

Ap , _ ,
=Cng (7) (ﬁi]'—l_iuig_.uip) .ui]"l'.uig_ﬂip +mpgk (1)

ap N d —0
oc T om, P = 2)
where p is the gas density and u is the velocity vector.
0 o)+ LT
ot (py; axj (uiuj) = 6x]- i 3)
aui 0u] 2 6ul-
0ij = Pbij — Tij Tij =H(a—xj+a—xi)—§#a—xj5ij 4)
O o+ oumy =294+ L0y o ts
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d aT . . Lo
where P @ E) denotes thermal conduction, while S;, and @represent the heat source and dissipation terms,
J J

respectively. In this study, the k-¢ two-equation turbulence model is adopted. The corresponding turbulent kinetic
energy is defined as follows:

3
£ = k2/l (6)
The turbulent viscosity can be expressed as:
ut=Cﬂpk2/£ (7
The transport equation for the turbulent kinetic energy k is written as:
d(pk) ok d ( ut) ok ou; Ou; Oy
—=—ut+—)—|+u— (—+2L) -
ot Py "o |\ o ax| T ey Cax Tax T TP° ®
where pu; % is the generation of turbulent kinetic energy due to mean velocity gradients, and u, % ( % +
J J J
% ) is the generation due to buoyancy effects. The transport equation for the turbulent dissipation rate ¢ is given
as follows:
a(pk) Oe 0 [ U 6k] e 0w Ou; 0y &2
_ ) P 2= 2y ) _Cp—
Jat Pt 0x;,  0xy (u 08) 0xy, K ox;  0x; * 0x; ) 2P ©)

where ¢, C, are constants. In Fluent, the default values are 1.44 for ¢; and 1.9 for C..
For the pyrolysis and combustion of pulverized coal particles, a two-step competing pyrolysis model is
mainly adopted in this study.

k1

Coal (s) —— a,Volatile(g) + (1 — a;)char(s) (10)
k2

Coal (s) —— a,Volatile(g) + (1 — ay)char(s) (11)

The relevant kinetic parameters are given in Table 3, and the coal pyrolysis rate is expressed as:
dy, dy,

E = E = klal + kzaz (12)
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In the above equation, Yy is the mass fraction of volatiles. During the reaction process, the heterogeneous
combustion should be analyzed as follows:

1
Cehar + 502 - (0 (13)

Char is heterogeneous, and its oxidation reaction is largely influenced by multiple factors, among which the
representative ones include Kc (the rate of oxygen molecules diffusing to the char surface) and K, (the surface
reaction rate between char and oxygen molecules) [18,19]. The Sherwood number is denoted by S;, and the
absorption fraction is set to 30%. The reaction rates can be expressed by Equations (14)—(16):

_ 6r2p02 1 "
©=7D (/K. +1/Kp (14
K. = A.e Fc/RT: (15)

Ky = $,Do,M/RT,D (16)

Py, is the partial pressure of oxygen, and Do, is the diffusion coefficient of oxygen [20,21]. The kinetic

parameters for char reactions are given in Table 3.

Table 3. Kinetics parameters of coal-coke reactions [20,21].

E
Reaction k=Aexp(- ﬁ)
A E
Coal and Coke Combustion 0.0043 kg/m’s Pa 8.37 x 107 J/kmol
Pyrolysis Reaction 1 (a; = 0.3) 3.75x10%s™! 7.366 x 107 J/kmol
Pyrolysis Reaction 2 (a; = 0.7) 1.46 x 1013 57! 2.511 x 10° J/kmol

The energy balance of a pulverized coal particle includes the convective heat transfer and radiative heat

transfer terms:
dT, 4 4 dm,
mpCpE = hAp(TOO - Tp) + EpApO'(QR - Tp ) + fWHreact (17)

In the above equation, m, is the mass of the char particle, Cp is the specific heat, 4, is the particle surface
area, 7, is the particle temperature, 7. is the flue gas temperature, ¢, is the particle emissivity, and 6 is the radiation
temperature. In addition, the char particle consumes part of the reaction heat.

The P-1 radiation model is mainly adopted in this paper. The radiative heat flux ¢, can be expressed by the
following equation:

1
3 (a+o,) —Co,

ar = VG (18)

The above equation involves multiple parameters and is rather cumbersome. Therefore, to simplify it, a new
parameter I is introduced as follows:

1

F=3 (a+o0;) —Cag (19)
The equation can then be rewritten as:
q-=-T'VG (20)
The transport equation for GG is written as:
V (TVG) —aG+ 4acT* =S, (21)

where o is the Stefan-Boltzmann constant, and S¢ represents the radiation source term.
Combining the above two equations, we obtain:

-V q, =aG — 4acT* (22)

The equation for the incident radiation can be expressed as follows:
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4

T
v Tve6) +4n(‘w +Ep>— (@+ay) G=0 (23)

It can be mainly calculated by the following formula:

"et oT,*
. pn
Ep = lim I epnApn—— 24
i T, A (25)
ap = lm Epn v
n=1
N A
op =1lim ¥ (1= fom)(1 = g,,@% (26)

4
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_ 4me, v (1 - pw)Gw 27)

2 1+p,”)

qT‘,W

For the gas-phase combustion, a single-component ratio probability density function (PDF) transport model
is employed. The variable ffrepresents a mixture fraction and is defined as follows:
Z i Z i,0x
f=—7"7"— 28
Zi,fuel - Zi,ox ( )
Z; mainly represents the mass fraction, where ox denotes the oxidizer.
For co-firing two coals, the double-mixture-fraction PDF model applies, using f; and f>. These represent the
mass fractions of gases from each coal in the total flue gas (including burner injection). Their transport equations are:

f;

0
S on) =5 5 + 5, 29)

=M - M), j=1.2. (30)

In the simulation, the two mixture fraction transport equations are assumed to share the same diffusion
coefficient, hence I, = I, . The influence of gas-phase turbulence on f; and /> is then analyzed using the RMS

fluctuations g; and g, as follows:

0 6 6

d af\>  [9f\°
s = (%) +<a_f;) +(a_f;) ] -

In Equation (32), p; is the effective viscosity. With I = Iy, and Cg; = Cg>, the equations are solved. Also,

2
the fixed carbon and volatiles of the two coals burn in the furnace in the proportions of f; and f>.

A multi-scale numerical method based on the eddy-dissipation model is proposed. Coal mass parameters are
input into Fluent’s built-in coal combustion calculator. A new gas-solid two-phase combustion technology for

pulverized coal boilers is also presented, as shown in Equations (33) and (34).

C1.43H2.3600.5650.0237 + 1.4120, — 0.719CO + 0.719CO; + 1.183H,0 + 0.019N; + 0.02550, 33)

C +0.50, — CO; (34)

Pulverized coal is injected as discrete phase (DPM) through 20 primary air inlets, with particle sizes following a
Rosin-Rammler distribution. The kinetic parameters and particle sizes of the two coal chars are given in Table 4 [22].

Table 4. Chemical kinetic parameters and particle size of pulverized coal.

Activation Energy Pre-Exponential Dilatation Mll‘llmlll‘l‘l Mazﬂmur.n Av.eragff Dispersion
- . Particle Size  Particle Size  Particle Size
(kJ/mol) Factor (s™) Coefficient Index
(um) (um) (um)
Zhundong coal 18.53 16.27 1.35 10 250 65 1.5
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NO, the main pollutant in coal-fired boiler emissions, is formed by N, oxidation above 1800 K and is
described by the extended Zeldovich mechanism [23]:

kok_

N+0,——50+NO (35)
kik_1

0+N,———N+NO (36)
ksk_3

N +O0H—H+ NO (37)

where k, and k-, are the forward and reverse rates. For thermal NO, only the NO transport equation needs to be solved:
0 >
a(PYNo) +V (pv¥no) =V (pDYno) + Sno (38)
where Yyo, D, and Syo are the NO mass fraction, diffusion coefficient, and source term, respectively. The NO

formation rate is:

d[NO]
dt

The [O], [H], and [OH] radical concentrations are obtained from equilibrium calculations.
Some NO is reduced to N, [24,25]:

= kp1[O][N2] + kg2 [N][O2] + kg3 [N][OH] — k1 [NO][N] = k;2[NO][O] — k;3[NO][H] (39)

K.
HCN+0, —— NO+.. (40)
K
HCN + NO —>N, +... (41)
Ke
NH;+0, —— NO+... (42)
K7
NH3+NO —— N, +... (43)
Kehar
char+NO —22 N, +.. (44)

The mechanism is shown in Figure 2 [26].

Volatile N Char N
O
HCN,NH;3; NO
NO Char
N2

Figure 2. Mechanism of fuel NOx formation.
For fuel NO, the main product transport equations must be solved.

d 5
7t (PYuen ) +V (pv¥yen) =V (0D V Yyen) + Suen (45)

d >
7t (PYnu, ) +V (pv¥yy,) =V (oD V Yyyu,) + Syu, (46)

Yucy and Yap are the mass fractions of HCN and NH3, D the diffusion coefficient, and Sycy, Sy their source terms.
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NO is reduced via hydrocarbon reburning. Following Chen et al., volatiles are treated as an equivalent
reburning fuel [27,28].

Kq

Kg, Ko, K
CH;4+NO ———%, HCN+products(0,0H,H,0) (47)

2.3. Mesh

To analyze combustion conditions across different regions, the furnace interior was segmented, and mesh
generation for these sections was performed using Gambit software, version 2.4.6. Each region was assigned
specific boundary and initial conditions to enhance the precision of numerical calculations. Special attention was
given to the burner region, where significant flow and heat transfer variations make pseudo-diffusion phenomena
more likely. To improve simulation accuracy, the complex geometry of the boiler was divided into segments, with
each section meshed using a hexahedral structure via the pave technique, achieving a minimum mesh size of 1
mm. This segmentation produced a detailed furnace mesh, shown in Figure 3, with a total mesh count of 2,675,406
used for the simulation analysis.

line-z

line-x

Figure 3. Furnace grid.

The wall is configured with a first-type boundary condition, utilizing a no-slip condition and standard wall
equations. Heat exchange at the furnace wall is governed by a second-type boundary condition, specifying
temperature and emissivity. Based on actual operating parameters, initial wall temperatures are set as follows: furnace
wall at 650 K, front platen superheater at 770 K, rear platen superheater at 780 K, high-temperature superheater at
800 K, and high-temperature reheater at 840 K. A uniform wall emissivity of 0.7 is applied. The high-temperature
volatile yield of coal is set at 1.5. Boundary conditions for primary air, secondary air, and overfire air are defined as
velocity inlets, with velocities and temperatures aligned with operational data. The outlet boundary is a pressure outlet,
accommodating the negative pressure within the boiler and setting the pressure at —10 Pa.

Based on the prescribed inlet boundary conditions and the cross-sectional area of each primary air nozzle
(approximately 0.30 m?), the average inlet velocity of the primary air is calculated to be approximately 30 m/s,
with a typical range of 25-35 m/s for different nozzle layers and operating conditions. For ammonia co-firing
cases, the premixed ammonia slightly increases the total volumetric flow rate, but the resulting velocity variation
is less than 5% for the co-firing ratios used in this study (<20% for single-layer, <30% for multi-layer); therefore,
the inlet velocity remains within the same range.

2.4. Grid Independence Testing

To achieve accurate simulation results, an increase in mesh density is required. However, higher mesh counts
demand additional computational resources. Therefore, a mesh independence test was conducted to balance
accuracy and resource efficiency. During testing, the mesh in the furnace’s main combustion and platen zones was
refined due to significant parameter variations in these areas. Two central lines within the furnace, positioned at
the primary air cross-section, were selected to monitor temperature and velocity changes. Mesh counts of
1,878,928, 2,675,406, and 3,125,372 were examined, with results from the latter two showing high similarity. The
velocity and temperature distributions along characteristic lines 1 and 2 for the three mesh counts are presented in
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Figure 4. Based on these findings, the second mesh set (2,675,406 elements) was chosen, as it provided a balance
between precision and computational efficiency.
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Figure 4. Grid independence test results.
2.5. Experimental Verification of Numerical Simulation

To verify the accuracy of the numerical simulations, experimental tests were conducted to compare model

predictions with actual measurements. Four coal mills were used to burn Zhundong coal, with specific operating
parameters outlined in Tables 5 and 6.

Table 5. Boiler operation conditions with two air distribution methods in the field.

Primary Air Primary Air Secondary Air Overfire Air Secondary (Overfire) Air Total Air Mass
Rate (%) Temperature (K) Rate (%) Rate (%) Temperature (K) Flow Rate (t/h)
Equal (positive pagoda) 5, ,, 340 45.18 226 602.3 2070
air distribution
Total coal consumption
(t/h) 272
Table 6. Boiler operation conditions under on-site conditions 1 and 2.
Working Condition  Air Distribution Opposite Tangential Angle of q 9
Number Method Burner (°) Nozzlelairdyelocityl(m/s)
A B C D E D D1 D2 DE
1 Equal 0 0 0 0 0 28.75 39.5 45.6 253
2 Positive pagoda 0 0 0 0 0 ) 39.6 45.7 21.68

The secondary air distribution modes investigated in this study include the equal air distribution and the
positive pagoda air distribution. The equal distribution supplies uniform air flow along the furnace height,
providing stable combustion but higher thermal NOx formation due to sustained high temperatures. The positive
pagoda distribution features higher secondary air velocities at the lower furnace, gradually decreasing upward,
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which enhances early-stage combustion intensity and creates a stronger reducing atmosphere in the upper furnace,
thus effectively suppressing NOy emissions.

Key metrics measured onsite included the coal burnout rate, CO concentration, NOx concentration, oxygen
concentration in the flue gas, and carbon content in fly ash at the furnace outlet. Measurement locations included
the SCR inlet for flue gas composition, the electrostatic precipitator inlet for fly ash samples, and the slagging
machine outlet at the furnace bottom for large slag samples. The experimental results closely aligned with the
numerical simulation outputs, as summarized in Table 7.

Table 7. Comparison of numerical simulation values and experimental measurement values.

Worlfi}lg Project Conc(:zg]l%li?on in NOx Concenstration Flue Gas Temperature Carbon Content in Pulverized Coal
Condition Flue Gas (%) (mg/m°) at Furnace Outlet (K) Fly Ash (%) Burnout Rate (%)
1 Simulated value 3.1 2114 1018.29 1.5 99.77
Measured value 3.55 214 1037.03 1.7 99.62
5 Simulated value 2.98 217.8 1017.83 1.8 99.25
Measured value 3.5 198 1013.75 1.9 99. 08

2.6. Single-Layer Co-Firing Conditions and Reaction Equations

During combustion simulations, the selected chemical reaction equations are detailed in Table 8. To model
ammonia consumption within the furnace, a simplified three-step reaction mechanism is applied, representing both
the pyrolytic oxidation of ammonia and its reduction by NO. The kinetic control equations and parameters
governing ammonia conversion are provided in Table 8. Ammonia fuel decomposes directly to produce N, and
H,, reacts with O, to form NO and H», or undergoes a reduction reaction with NO. The NH3 combustion model
and kinetic parameters are primarily based on the findings of Ma Lun et al. [29].

Table 8. Chemical reaction equations [29].

Chemical Reaction Pre-Exponential Factora Activation Energy

(s™ E (J-kmol™)

Vol + 1412060, — 0.7194C0, +0.7194CO + 1.18313H,0 + 0.019N, +0.024NO 2.119 x 101 2.027 % 10°
CO+0.50, - CO, 2.240 x 102 4.180 x 107

NH; - 0.5N, + 1.5H, 0.18500 6.900 x 107

NH; + 0, >NO+ H,0 +0.5H, 3.500 x 102 5.240 x 108

NH; +NO- N, + H,0 +0.5H, 4.240 x 10° 3.500 x 108

H, + 0.50, - H,0 5.690 x 10! 1.465 x 10°

Ammonia was introduced at the primary air nozzle at the bottom of the boiler in proportions of 10%, 15%,
and 20%. Table 9 outlines the variations under single-layer co-firing. The ammonia mixing ratio can be adjusted
up to 20% in single-layer configurations, so the maximum ammonia mixing ratio was set at this level.

Table 9. Single-layer pulverized coal quantity.

Single-Layer Pulverized Coal Quantity (kg/s)  Single-Layer Ammonia Quantity (kg/s)

Pure coal 15.11 0
10% Ammonia 7.11 8
15% Ammonia 3.11 12
20% Ammonia 0 16

For each simulated operating condition, the fuel quantity and primary air proportion were calculated based
on specific boiler parameters. Table 9 presents the total changes in pulverized coal and ammonia under single-
layer co-firing conditions.

2.7. Multi-Layer Co-Firing Conditions

In all five primary air nozzle layers of the boiler, ammonia was co-fired at ratios of 10%, 20%, and 30%. For
each simulation case, the fuel amount and primary air flow rate were determined based on the boiler parameters
and operating conditions. Table 10 presents the total coal amount and the overall ammonia input under Multi-layer
co-firing conditions. For multi-layer ammonia co-firing, the co-firing ratio can be increased up to 30% to reveal
further trends.
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Table 10. Multi-layer ammonia-mixed pulverized coal quantity.

Multi-Layer Pulverized Coal Quantity (kg/s) Multi-Layer Ammonia Quantity (kg/s)
Pure coal 75.56 0
10% Ammonia 68.00 8.00
20% Ammonia 60.45 16.00
30% Ammonia 52.89 24.01

3. Results and Discussion
3.1. Simulation of Single-Layer Co-Firing Characteristics
3.1.1. Temperature Distribution

As shown in Figure 5, for single-layer ammonia co-firing at the first (bottom) layer, as the ammonia ratio
increases, the coal combustion zone shrinks and the high-temperature flame region moves away from the nozzle,
while the flame tail becomes longer and narrower. Temperatures drop progressively: 1866 K at 10% ammonia,
1769 K at 15%, and 1707 K at 20%. At 15% and 20%, the difference is small because at 20% (no coal) the
subsequent reactions of ammonia (oxidation to NO and H,, followed by H, combustion) release additional heat.
At the second layer, the furnace tail flame is longer than that of pure coal. Because this layer is closer to the central
combustion zone, temperatures are higher than at the first layer, but still below pure coal levels: 1681 K (10%),
1747 K (15%), 1657 K (20%). At the third layer, located in the middle of the combustion zone, the higher ambient
temperature promotes ammonia pyrolysis (NHs — 0.5N; + 1.5H>) and oxidation (NH3 + O, — NO + H,O + 0.5H,),
both producing H» that burns and releases heat. Thus temperatures here exceed those of the first two layers,
reaching 1799 K (10%), 1647 K (15%), and 1657 K (20%). The 20% case approaches the pure-coal level, though
in the burnout zone it becomes slightly cooler due to less residual coal. At the fourth layer, the centre of the
combustion zone, unburned coal from previous layers continues to burn, and the ammonia reactions (including the
reduction reaction NH; + NO — N + H,O + 0.5H;) also contribute heat. Temperatures rise with ammonia ratio:
1820 K (10%), 1826 K (15%), and 1831 K (20%). At 20% ammonia, the temperature is close to or slightly above
that of pure coal. At the fifth layer (tail region), unburned coal from upper layers accumulates, and ammonia
improves coal-air mixing. Hydrogen from ammonia reactions has a higher heating value, making temperatures
slightly above pure coal: 1825 K (10%), 1830 K (15%), and 1835 K (20%).
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Temperature
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10%Ammonia 15%Ammonia 20%Ammonia
Fifth layer

Figure 5. Cloud diagram of furnace center section (different scales).

The temperature variations arise from three main factors: the lower adiabatic flame temperature of ammonia,
the release of extra heat from hydrogen combustion (H, + 0.50, — H»0), and the amount of unburned coal carried
over from upstream layers. At the first two layers, the combustion zone temperatures are relatively low, so
ammonia pyrolysis is limited and less H; is produced; therefore, increasing the ammonia ratio mainly reduces the
coal content and lowers the temperature. At the third and fourth layers, the higher ambient temperatures strongly
promote NH; decomposition and H, formation. The combustion of this hydrogen compensates for some of the
heat loss caused by ammonia’s lower flame temperature, allowing the temperature to approach or even exceed that
of pure coal at higher ammonia ratios (e.g., 20% at the fourth layer). At the fifth layer, unburned coal from the
upper layers provides additional fuel, and the high heating value of hydrogen further raises the temperature slightly
above pure coal. Overall, the highest temperature among all single-layer ammonia cases occurs at the fourth layer
with 20% ammonia (1831 K), and the lowest at the second layer with 20% ammonia (1657 K). Compared with
pure coal combustion, most ammonia co-firing cases show a temperature reduction, except for the fourth and fifth
layers at higher ammonia ratios, where the extra hydrogen combustion nearly offsets the cooling effect.

3.1.2. Combustion Characteristics at Primary Air Nozzles

As shown in Figure 6, the cross-section analyzed in this section is the central horizontal plane at the elevation
of the primary air nozzles, and this same plane is used for all simulation cases to ensure consistency and
comparability across different operating conditions. At all five layers, the four-corner tangential pattern is well
established, and a symmetric high-temperature region forms rapidly after fuel injection. The ignition behaviour,
however, depends on the injection layer and the ammonia ratio.
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Figure 6. Cloud diagram of primary air nozzle cross-section.

At the first (bottom) layer, as the ammonia ratio increases, the mixture temperature decreases and the ignition
point gradually shifts toward the furnace center. Because the combustion zone temperature is low, the mixture
does not ignite immediately but only after travelling a certain distance. At the second layer, the ignition position
is closer to the nozzle than at the first layer, since this layer is nearer to the central combustion zone, where
temperatures are higher. At the third layer, located in the middle of the combustion zone, the high ambient
temperature allows the mixture to ignite after a very short distance; increasing the ammonia ratio barely changes
the ignition distance because the region is already hot enough to exceed the auto-ignition temperature of ammonia
(924 K). At the fourth layer, similar to the third, the ignition point is very close to the nozzle, and the combustion
condition is better than at the first two layers. At the fifth layer, although the combustion zone is near the furnace
tail, the temperature is still higher than at the first and second layers, so the ignition distance remains short; with
20% ammonia (no coal), the remaining unburned coal from upper layers further improves the combustion state.

In all cases, a higher ammonia ratio delays ignition because ammonia has a higher auto-ignition temperature
(924 K) than pulverised coal (about 700 K). The ignition distance is shortest at the third and fourth layers (central
combustion zone) and longest at the bottom layer. When the ammonia ratio increases from 20% to 30% (multi-

layer cases), the ignition distance barely changes once the local temperature approaches the auto-ignition
temperature of ammonia.

3.1.3. Combustion Characteristic Inside the Furnace

The temperature analysis in Figure 7 shows that at the first layer, the 10% ammonia case shows a slightly
higher temperature than pure coal in the early stage due to improved mixing, but later falls below pure coal. The
20% case gives the lowest temperature. At the second layer, all temperatures remain below pure coal. At the third
layer, temperatures exceed those of the first two layers, and the 20% case approaches pure coal. At the fourth layer,
temperatures increase with ammonia ratio, with the 20% case slightly above pure coal. At the fifth layer, all
temperatures are slightly above pure coal, rising with ammonia ratio.
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Figure 7. Temperature distribution diagram.

Figure 8 presents the average oxygen volume under different ammonia co-firing conditions. The analysis of
the chart indicates that different ammonia blending positions significantly impact oxygen content compared to
pure coal combustion. Following ammonia blending, oxygen levels are higher in the initial combustion stage but
converge with those of pure coal combustion in the later stages. As shown in the chart, in cases with 10% and 20%
ammonia blending at the bottom layer (first layer), early-stage oxygen levels are substantially higher; the outlet
oxygen content is 2.9% at 10% ammonia, 2.8% at 15%, and about 2.8% at 20% (the highest among the three). The
blending condition in the second layer resembles that of the first, with less coal powder combustion and, hence,
reduced oxygen consumption where higher coal powder content leads to greater oxygen use. Thus, the oxygen
content remains higher in the second layer’s blending condition: the lowest value is about 2.8% at 15% ammonia,
the highest about 3.2% at 20%, and the outlet oxygen content at 15% is 2.9%. The oxygen content in the ammonia-
blended condition in the third layer is lower than that in the first and second layers. Additionally, the variation in
oxygen content closely resembles that observed in pure coal combustion: at the third layer, the highest oxygen
content is about 3.2% at 20% ammonia, the lowest about 2.5% at 10%, and the outlet oxygen content at 15% is
2.7%. The oxygen content in the fourth combustion zone is lower than that observed in pure coal combustion,
reaching a maximum of approximately 3.5% at a 10% ammonia dosing rate; more specifically, oxygen
consumption at the fourth layer is close to that of pure coal and decreases with increasing ammonia ratio: 3.4% at
10%, 3.2% at 15%, and 3.4% at 20%. In the fifth layer, the oxygen content in the subsequent region is lower than
that in pure coal combustion, and the average oxygen volume in the remaining areas is similar. It reaches up to
approximately 3.4% at a 10% ammonia dosing rate; the oxygen content variation at the fifth layer resembles that
of the fourth layer, with values of about 3.4% at 10% ammonia, 3.3% at 15%, and 3.2% at 20% (the lowest).

Figure 9 shows the nitrogen oxide concentration for various injection layers and ammonia ratios. The analysis
of the chart shows that NOx emissions vary significantly with the injection layer and ammonia ratio. At the first layer,
all emissions are higher than those of pure coal combustion; the highest value (=6.0 ppm) occurs at 20% ammonia,
while the lowest (=5.6 ppm) at 10% is close to the 20% level. At the second layer, emissions also exceed pure coal
levels: 10% ammonia gives the highest (5.9 ppm), followed by 15% (=5.7 ppm) and 20% (=5.6 ppm). At the third
layer, emissions decrease with increasing ammonia ratio, from ~4.2 ppm (10%) to 2.9 ppm (20%), with 15% at =3.0
ppm. At the fourth layer, all emissions are below pure coal combustion. The lowest value among all layers occurs at
15% ammonia (=1.2 ppm), while 20% gives =3.5 ppm and 10% gives =3.5 ppm as well. At the fifth layer, emissions
rise sharply with ammonia ratio; the 20% case reaches =8.5 ppm, far higher than at 10% and 15%. Overall, when the
injection location has low oxygen content (e.g., the fourth layer), reduction reactions (NH3z + NO — N, + H,O +
0.5H>) dominate, leading to lower NOy emissions. Conversely, high oxygen content and lack of downstream
reduction (e.g., the fifth layer) increase NOy emissions.
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From the spatial distribution of the furnace temperature and oxygen concentration fields, the layer-dependent
NOx emissions can be explained. At the first and second layers, low temperatures and high oxygen availability
promote NH3 oxidation (NH3 + O,—NO + H,0) over reduction, resulting in higher NOx. At the third and fourth
layers, higher temperatures and lower oxygen levels (due to upstream consumption) favor the reduction reaction
NH; + NO—N» + H,0, leading to lower NOx. At the fifth layer, although the temperature is high, oxygen rebounds
and no downstream reduction zone exists, causing NOx to rise again. Thus, low-oxygen, moderate-to-high
temperature zones (third and fourth layers) facilitate NO reduction, while high-oxygen or low-temperature zones

(first, second, and fifth layers) increase NO emissions.
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3.2. Simulation of Multi-Layer Co-Firing Characteristics
3.2.1. Temperature Distribution

As shown in Figure 10, the temperature contours at the central cross-section of the boiler are presented for
three ammonia co-firing ratios (10%, 20%, 30%) through all five primary air nozzle layers. The contours indicate
that with increasing ammonia ratio, combustion improves. The flame at the furnace tail becomes narrower because
the gaseous ammonia enhances coal—air mixing, leading to more complete coal combustion within the primary air
zones and thus less residual coal in the tail region. Moreover, under multi-layer co-firing, the combustion zone
shifts closer to the furnace center compared with single-layer co-firing, especially in the early stage. This is because
the ammonia—air mixture from the nozzles penetrates further toward the center, where temperatures are higher,
resulting in better combustion performance.

(a) 10% ammonia (b) 20% ammonia (¢) 30% ammonia

Temperature

2000

1800

1600

1400

1200

1000

Figure 10. Cloud diagram of the furnace center cross-section.

3.2.2. Combustion Characteristics at Primary Air Nozzles

Figure 11 shows a well-formed four-corner tangential pattern at the primary air nozzle cross-section. After
injection, a symmetric high-temperature region develops rapidly. As the ammonia co-firing ratio increases, the
ignition point shifts toward the furnace center. This is because the second-layer combustion zone has lower
temperatures than the upper layers; the injected mixture does not ignite immediately, similar to single-layer co-
firing at the same layer. Ammonia has a higher auto-ignition temperature (924 K) than coal, so more ammonia
pushes ignition downstream. However, when the ratio increases from 20% to 30%, the ignition distance barely
changes, as the ignition point has already reached a region where the local temperature approaches ammonia’s
ignition temperature.
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Figure 11. Contour plot of the primary air nozzle cross-section.
3.2.3. Combustion Characteristic Inside the Furnace

Figure 12 shows that under multi-layer ammonia co-firing, the furnace temperature is slightly lower than that
of pure coal combustion, even though ammonia improves coal-air mixing. With ammonia injected into all primary
air nozzle layers, the coal content per layer decreases, and ammonia enhances oxygen access for coal combustion.
In the high-temperature central zone, ammonia decomposes (NH3; — 0.5N, + 1.5H,) and also burns (NH3 + O, —
NO + H,0 + 0.5 Hy). Meanwhile, some NH3 reduces NO via NH3; + NO — N + H,O + 0.5 H,. The byproduct H,
from these reactions burns (H, + 0.5 O, — H»0), and since H; has a higher heating value than coal and ammonia,
one might expect a temperature rise with increasing ammonia ratio. However, the simulation results show a
temperature decrease. This is because the adiabatic flame temperature of ammonia is lower than that of coal, so
ammonia co-firing lowers the overall furnace temperature and reduces radiative heat transfer. Consequently, under
multi-layer co-firing, the temperature is consistently slightly below that of pure coal combustion.
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Figure 12. Distribution of combustion characteristics within the furnace.
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The oxygen concentration profile (fifth layer) indicates that the O, level is always slightly lower than in pure
coal combustion. This is due to NH3; decomposition, NH3 oxidation, NO reduction by NH3, and H» oxidation in
the middle combustion zone, all of which consume oxygen.

The NOy emissions under multi-layer co-firing are much higher than those of pure coal. In the 20% ammonia
case, NOy emissions in the middle and late stages are lower than in the 10% and 30% cases, while the 10% and
30% cases show similar, higher levels. In all multi-layer cases, NH3 is injected through all five layers. In each
layer, NH3 decomposes and oxidizes to produce NO; some NO is reduced within the same layer by residual NHs,
and the rest is reduced in downstream layers. The extents of pyrolysis, oxidation, and reduction vary with ammonia
ratio, and the lowest NOyx emission occurs at 20%.

3.2.4. Vapor Generation

Introducing ammonia into the boiler adds nitrogen and hydrogen elements, which contribute to the generation
of nitrogen oxides and nitric oxide via reactions such as 0.50, + NH; — 0.5N, + 1.5H,0 and 4NH3 + 6NO — 5N,
+ 6H,0. Under certain combustion conditions, nitric oxide can be reduced to N», and with appropriate staged
combustion, nitrogen oxide emissions can be even lower than those produced by pure coal combustion. Because
nitrogen formation minimally affects combustion and emissions within the furnace, nitrogen’s introduction does
not significantly alter outcomes. However, introducing hydrogen from ammonia leads to increased water vapor
production through combustion reactions. This elevated water vapor content raises the moisture in the flue gas.
Figure 13 illustrates the resulting changes in vapor content.
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Figure 13. Vapor content.

Analysis of the vapor content (Figure 13) indicates that as the ammonia blending ratio gradually increases, vapor
content correspondingly rises. This is due to the increased introduction of hydrogen atoms, which transform into
vapor during combustion within the furnace, resulting in a higher mass fraction of water and elevated moisture levels
in the flue gas. The sulfur in pulverized coal burns to form SO,, which oxidizes to SO; in the presence of catalysts.
With the increased water content in the flue gas, SO; may combine with vapor to produce more sulfuric acid vapor,
raising the acid dew point. When the gas enters the air preheater at a lower temperature, condensation of sulfuric acid
vapor on the heat exchange surfaces may occur, leading to corrosion. These observations are based on theoretical
analysis of the trends in Figure 13; future experimental work is needed to confirm the proposed mechanism.

3.3. Comparison of Ammonia Injection Conditions

Comparing single-layer and multi-layer co-firing, single-layer co-firing generally gives higher furnace
temperatures and better combustion and NOy performance. As shown in Figure 14, multi-layer temperatures are
lower overall because ammonia is injected into every layer, and its lower adiabatic flame temperature reduces the
overall thermal level.

In single-layer bottom-layer cases (10%, 20% ammonia), the high ammonia ratio reduces coal content,
causing a significant temperature drop. The second-layer cases are similar, with limited ammonia pyrolysis due to
moderate zone temperatures. For the third layer, single-layer temperatures approach multi-layer levels because the
higher combustion zone temperature promotes more hydrogen production and combustion. In the fourth and fifth
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layers, single-layer temperatures exceed multi-layer levels: in multi-layer co-firing, ammonia injected earlier
generates more NOy, leading to stronger reduction reactions in these layers, while less coal remains, further
lowering the temperature.
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Figure 14. Temperature distribution at different ammonia injection points.

Figure 15 shows the average oxygen volume at different ammonia injection points under multi-layer co-firing.
As observed from the figure, under multi-layer co-firing, the oxygen content is generally close to that of single-
layer co-firing. In the bottom-layer single-layer cases (10% and 20% ammonia), the early-stage oxygen content is
considerably higher than under multi-layer co-firing because the higher ammonia ratio reduces coal content and
temperature, leading to less combustion; in multi-layer co-firing, more coal consumes more oxygen. The second-
layer single-layer cases behave similarly, with less coal combustion leaving more oxygen than in multi-layer cases.
For the third and fourth layers, single-layer oxygen variations become similar to multi-layer levels, as the higher
temperatures and residual coal in these zones drive comparable oxygen consumption. In the fifth-layer single-layer
cases, the oxygen trend differs from multi-layer in the early stage because upstream combustion is nearly pure
coal, but later, with higher temperature and more residual coal, oxygen consumption aligns closely with multi-
layer co-firing.
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Figure 15. Average oxygen volume at different ammonia injection points.

Under multi-layer co-firing, NOx emissions are generally higher, as shown in the average NOyx volume plot
(Figure 16). For the first- and second-layer single-layer cases, NOx emissions are higher than under multi-layer
co-firing because less coal leads to more ammonia combustion and less residual NH3 to reduce NOy; in multi-layer
co-firing, although the first two layers behave similarly, the fifth-layer ammonia injection provides additional
reduction of NOy, lowering the overall level. For the third- and fourth-layer single-layer cases, NOy emissions are
lower than under multi-layer co-firing. Here, the local oxygen content is low, so injected ammonia undergoes less
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combustion and more reduction, effectively reducing NOx. In multi-layer co-firing, even though the fifth layer also
provides reduction, ammonia still burns significantly, resulting in higher NO,. For the fifth-layer single-layer case,
NOx emissions are higher than under multi-layer co-firing because upstream zones contain no ammonia, so NOx
levels are low and ammonia mainly burns; in multi-layer co-firing, some ammonia is consumed by reduction
reactions with NOy generated earlier, leaving less for combustion.
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Figure 16. Nitrogen oxide formation at different ammonia injection points.

4. Conclusions

This paper analyzes the co-firing characteristics of Zhundong coal and ammonia in a 660 MW ultra-
supercritical tangentially fired boiler via numerical simulation. The main conclusions are as follows:

Single-layer co-firing:

The ammonia blending position significantly affects combustion temperature, oxygen content, and NOy
emissions. Among all single-layer cases, the lowest temperature (approx. 1657 K) occurs at 20% ammonia in the
second layer, and the highest (approx. 1866 K) at 10% in the first layer. The lowest oxygen content (2.8%) is found
at 10% ammonia in the third layer, while the highest (approx. 3.4%) at 10% in the fourth layer. The lowest NOx
emissions (approx. 120 ppm) are achieved with 15% ammonia blending in the fourth layer, whereas the highest
(approx. 850 ppm) occurs at 20% in the fifth layer. The optimal single-layer condition is 15% ammonia in the
fourth layer.

Multi-layer co-firing (ammonia injected into all five primary air nozzle layers):

With increasing ammonia co-firing ratio (10%, 20%, 30%), the furnace combustion temperature decreases
slightly due to the lower adiabatic flame temperature of ammonia, remaining consistently below that of pure coal
combustion. The oxygen concentration in the furnace is also slightly lower than in pure coal combustion because
of additional consumption by NH3 decomposition, oxidation, and H, combustion. NOy emissions under multi-
layer co-firing are generally higher than those of pure coal, but the 20% ammonia case gives the lowest emissions
among the three ratios (10% and 30% show similar, higher levels). The variations in pyrolysis, oxidation, and
reduction reactions with ammonia ratio leads to this optimum.

Overall, ammonia blending reduces the furnace combustion temperature by about 100 K. When oxygen
content is below 1%, ammonia reacts more effectively with NO, reducing NOx emissions. Although ammonia adds
nitrogen and hydrogen, it also provides a reduction pathway for NO. With air staging and proper ammonia injection
(e.g., in high- NOx zones), flue gas NO concentration can be lower than that of pure coal combustion. The
combined combustion of pulverized coal and ammonia enables efficient, low-carbon, and low-pollution
combustion, offering insights for future research.
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