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Abstract: Hydrogen blending of pulverized coal in boilers is a promising technology. However, there
are few studies on hydrogen blending in coal-fired boilers. In order to reduce CO2 emissions from
coal-fired boilers, this study investigates the co-combustion of pulverized coal and hydrogen in a
swirl pulverized coal burner by numerical simulation. Itis shown that the burnout rate of fuel is 5.08%
higher than that of non-hydrogen blended coal when the percentage of hydrogen blended is 5%. The
water vapor generated by hydrogen blending not only leads to the formation of a low-temperature
zone near the burner outlet; it also results in a prolonged burnout time of moist pulverized coal and a
high-temperature zone near the furnace outlet. The greater the amount of hydrogen for blending,
the higher the water produced. When 1–3% hydrogen is blended, the water vapor in the furnace
reacts with the carbon to produce a large amount of CO. When the amount of hydrogen added to the
furnace is more than 3%, the water content in the furnace rises, resulting in a lower temperature at
the burner outlet and a decrease in the amount of CO produced. When 1–3% hydrogen is blended,
the CO2 emission rises. The CO2 emission decreased by 1.49% for 5% hydrogen blending compared
to non-hydrogen blending and by 3.22% compared to 1% hydrogen blending.

Keywords: burner; hydrogen blending; CO2 emission; numerical simulation

1. Introduction

China places significant emphasis on decreasing CO2 emissions to accomplish its
carbon-neutral objective. Burning fossil fuels produces a lot of CO2. In 2020, of China’s
total CO2 emissions, coal-fired power plants (CFPPs) produced 51.5% of CO2 emissions [1].
Therefore, reducing CO2 emissions from CFPPs is crucial. In CFPPs, the use of low-carbon
fuels or carbon-free fuels to replace or partially replace pulverized coal is an important
way to reduce CO2 production. The choice of which fuel to use as a replacement for
pulverized coal to reduce carbon emissions in the power plant sector has become a key
issue that needs to be addressed now. There is an urgent need to develop relevant carbon-
reduction technologies.

The burner is the key device in CFPPs. It influences the combustion process of fuels
and the emission of pollutants. In prior research, researchers have extensively investigated
the effects of parameters such as oxygen enriched combustion [2], air ratio [3], and swirl
intensity [4] on burner operation. However, the objective of these studies was mainly about
enhancing combustion efficiency and minimizing emissions of pollutants. There have
been few studies dedicated to reduction in CO2 emissions. Mixing carbon-free fuels with
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pulverized coal for combustion can effectively reduce carbon emissions. Ammonia is an
excellent carbon-free fuel, and complete combustion of ammonia under ideal conditions
only generates N2 and water [5–8]. Therefore, combusting ammonia and pulverized
coal mixtures can demonstrate ammonia’s low-carbon-emission benefits. Shihara et al. [9]
analyzed the effect of different ammonia injection positions on NOx emissions. It was found
that NO emissions are lower when ammonia is injected into the flame zone. Liu et al. [10]
studied the effect of blending different proportions of ammonia at different positions of
the burner on the flame structure by numerical simulation. The findings indicated that
ammonia fluxed at the center air position produces an extended flame. This method
not only ensures combustion efficiency, but also significantly reduces NOx generation.
Tamura et al. [11] categorized ammonia injection into ammonia premixed with coal and
ammonia injection using an ammonia gun alone. Ammonia injection by an ammonia gun is
categorized into internal burner injection and sidewall ammonia injection. A coal–ammonia
combustion study was conducted using a 1.2 MW pulverized coal horizontal combustion
furnace to compare the effects of different ammonia injection methods on NOx emissions.
The finding indicated that when less than 30% ammonia was fed with pulverized coal in
the nozzle, the NOx produced was about the same as ammonia-free combustion. When the
ammonia percentage was greater than 30%, the amount of NOx produced was related to
the amount of ammonia injected, and the more ammonia, the more NOx produced.

Hydrogen has attracted widespread attention as a sustainable and clean energy source.
However, hydrogen has the characteristics of low ignition temperature and fast flame
propagation. During combustion, hydrogen has major safety issues such as flashback that
hinder its wide application [12–15]. Due to the fast ignition rate of hydrogen, combustion
produces a lot of heat. This causes the heat to be very high near the burner outlet and causes
non-uniform temperature distribution in the furnace, which can lead to burnout of the
burner. However, hydrogen combustion does not produce gases such as CO2 and SO2, and
is considered to be the clean fuel with the greatest potential for development. Therefore,
it is possible to reduce CO2 emissions by replacing some of the carbon-containing fuels
with hydrogen in power plant boilers. Patel et al. [16] studied the relationship between
hydrogen blending and pollutant emissions in a swirl burner. Changes in flame length
and axial and radial temperatures were included. The effect of methane hydrogenation
on noise level at constant fuel flow rate was analyzed. El-Ghafour et al. [17] carried out
an experimental study on mixing natural gas and hydrogen. In their study, they found
that mixing natural gas and hydrogen reduced CO2 by 30%, but the effect on NO and CO
was insignificant. Gersena et al. [18] used natural gas and hydrogen for blending and the
findings indicated that NOx increases with the increase in the proportion of hydrogen.
Liu et al. [19] blended 5–15% hydrogen and oxygen in the primary air of a 1000 MW
ultra-supercritical tangentially fired boiler by numerical simulation. The results showed
that the primary air blending of hydrogen and oxygen increased the flame temperature at
low load and improved the stability of low-load combustion.

There are few studies based on hydrogen blending for combustion in coal-fired boilers.
In order to understand the combustion characteristics of pulverized coal mixed with
hydrogen. In this study, the swirl pulverized coal burner was improved. The center pipe
in the pulverized coal burner was used as the inlet for hydrogen blending. Hydrogen gas
in different proportions is fed to the combustion zone through the central air pipe, thus
realizing the mixing of pulverized coal and hydrogen. The study also set up a burner
without hydrogen blending as a control group. The simulation results without adding
hydrogen are compared and analyzed with the simulation results with the addition of
hydrogen. Thus, the changes in the temperature field and combustion products in the
furnace after the addition of hydrogen are obtained. The feasibility of adding hydrogen
co-firing in pulverized coal boilers was explored.
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2. Geometric Model

In this study, a single swirl burner in a swirl opposed boiler is used for simulation.
First, the simplification of the burner is realized by omitting the parts of the swirl burner
that do not affect the operation of the burner. The simplified burner is then modeled 1:1, as
shown in Figure 1a. Since this study is based on a single swirl pulverized coal combustor,
the angle of the secondary air vanes inside the combustor is 50◦ and the angle of the
external secondary air vanes is 30◦. For the purpose of the study, a virtual combustion
region is created by creating a cylindrical shape, as shown in Figure 1. The combustion
zone has a diameter of 5 m and a length of 10 m (corresponding to the Y-axis direction). In
order to avoid the formation of a reflux zone at the outlet of the furnace, a tapering zone
with a length of 2.5 m is provided at the outlet of the cylindrical furnace. The staged air
sent into the furnace through the burner mainly consists of external secondary air, internal
secondary air, primary air, and central air. There is a pulverized coal concentrator in the
primary air pipe which is used to form the pulverized coal gas flow with inner thickness
and outer lightness, which is beneficial to the stable combustion. Figure 1c,d show the
prototype swirl pulverized coal burner. In order to achieve hydrogen blending of the swirl
pulverized coal burner, the central air of the central pipe of the prototype pulverized coal
burner was replaced with hydrogen, thus enabling the blending of pulverized coal and
hydrogen.
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3. Numerical Simulation
3.1. Numerical Modeling

In this study, the flow field, temperature field, and chemical reaction processes in
the furnace during the operation of the burner are simulated using the commercial soft-
ware ANSYS Fluent 22R1. The combustion process follows the conservation of energy,
conservation of mass, and conservation of momentum, and then a suitable mathematical
model is selected to simulate the combustion process. The simulation was calculated using
a second-order upwind format with the simple algorithm for the pressure and velocity
fields [20].
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The swirl vanes in the combustor form airflow with high swirl intensity, and in order
to obtain accurate results, the RSM model was used to simulate the aerodynamic field near
the combustor outlet [21]. Here is the Reynolds stress transport equation:

∂
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where Dij: diffusion term; Pij: stress generation term; ϕij: pressure strain term; εij: viscous
dissipation term.
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where µt: the turbulent viscosity; σk = 0.82; C1 = 1.8; δij: the Kronecker delta; k: the turbulent
kinetic energy; ε: the turbulent dissipation rate.

Mutual radiation between particles during fuel combustion is an important mechanism
for pulverized coal ignition, and the DO model has wider applicability and can calculate
the radiative heat transfer process well [22]. For the medium with absorption, emission,
and scattering properties, the radiative heat transfer equation at position

→
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where
→
r : the position vector;

→
s : the direction vector;

→
s
′
: the direction of heat dissipation;

s: the length along the way; a: the absorption coefficient; n: the refractive index; σs: the
heat dissipation coefficient; σ: Stephen-Boltzmann constant; I: the radiation intensity; T:
ambient temperature; Ω′: the spatial solid angle; ϕ: the phase function.

The volatile analysis process of pulverized coal is modeled using a two-step competi-
tive model that takes into account the different precipitation rates of volatile fractions at
high and low temperatures [23]. The relationship between the mass of pulverized coal and
time during the reaction can be described by the following formula:

dm
dt

= −m0(α1k1 + α2k2) exp(
∫ t

0
−(k1 + k2)dt) (6)

k1 = A1 exp(−E1/RT) (7)

k2 = A2 exp(−E2/RT) (8)

where m0: the initial mass of PC; α1, α2: the proportion of two-step volatilization; k1, k2: the
rate of a two-step reaction; A: the pre-reaction factor; E: activation energy.

The combustion model of pulverized coal is carried out using the PDF model, which
can satisfy the general pulverized coal combustion process and the accuracy meets the
needs of engineering [24]. The mixture fraction is defined as follows:

f =
Zi − Zi,ox

Zi, f uel − Zi,ox
(9)
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where Zi: the element mass fraction of element i; Zi,ox: the mass fraction at the inlet of
oxidant; Zi, f uel : the mass fraction at the fuel inlet; Sm: the source of gas phase component
due to its release from the coal particle; Suser: the user-defined source item.

∂

∂t
(ρ f ) +∇ · ( f ρv) = ∇ ·

(
µt

σt
∇ f

)
+ Sm + Suser (10)

The trajectory of the particles is carried out using a random tracking model [25]. The
equation of motion is described as follows:

mp
duip

dt
= CDρg(

Ap

2
)(uig + u′

ig − uip)
∣∣∣uig + u′

ig − uip

∣∣∣+ mpgk (11)

where mp: the particle mass; CD: the drag coefficient; ρg: the gas density; Ap: the particle
surface area; uip: the velocity of the particle; uig: the average velocity of the gas phase; u′

ig:
the pulsation velocity of the gas phase; gk: the acceleration of gravity.

The conversion process of pulverized coal is affected by the blending of hydrogen
with pulverized coal. The conversion of pulverized coal–hydrogen mixture combustion
on the furnace is not known. Further study is needed on how combustion is affected by
partial hydrogen blending in pulverized coal.

3.2. Mesh Settings and Grid Independence

Based on the above simplified burner model, the burner and furnace area are divided
into several parts. Then, ICEM is used to generate different numbers of high-quality
structured meshes, as shown in Figure 2. In order to ensure the accuracy and improve the
efficiency of the calculation, local encryption is performed in the connection area between
the furnace and the burner. The grid of the burner part includes the swirl vanes as well as the
pulverized coal concentrator. Different numbers of meshes will cause different calculation
results. Different numbers of grids will result in different computational accuracy. To
minimize the error caused by the number of grids, a total of five different numbers of
structured grids, 112,260, 238,643, 447,037, 710,116, and 1,031,651, are used in this study.
By measuring the velocity of the cross-section perpendicular to the Y-axis direction of the
furnace, the images obtained are shown in Figure 3. Observing the images, it can be found
that the velocities of the cross-section at different locations are very close to each other
when the number of grids is 710,116 and 1,031,651. Considering the computational volume,
the grid number of 710,116 is chosen for the simulation.
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3.3. Boundary Conditions

The coal types used in this study were analyzed as shown in Table 1. The particle size
distribution of particles follows the Rosin–Rammler law, and the average particle size of
pulverized coal is 53 µm. The inlet boundaries of the burner are all mass inlets. The outlet
boundary of the furnace is set to be the pressure outlet to improve the convergence of the
calculations. Coal particles rebound after collision with the wall and the trajectory of the
particles is changed. The wall boundary condition type was set to Reflect and the wall
temperature in the cylindrical combustion zone was 1000 k. The case without hydrogen
addition was taken as the basic control group for the study. The gases fed into the furnace
through the burner were all air. The inlet parameters of the burner are shown in Table 2.
Combustion of pulverized coal by burner alone has been very much studied. However, the
combustion mechanism after passing some hydrogen into the pulverized coal is not clear.
In this study, pulverized coal is fed through the primary air of the burner and hydrogen is
passed through the central air position of the burner. Distributing the air from the central
air to the rest of the inlets ensures that the total amount of air required for the combustion
of hydrogen and pulverized coal remains constant. The simulation was studied for six
different hydrogen percentages (0%, 1%, 2%, 3%, 4%, 5%). The study assumes that the
total heat fed into the furnace remains constant. The percentage of hydrogen blending is
defined as the proportion of heat input to hydrogen to the total heat input to the furnace,
which determines the mass flow rate of hydrogen flux. The central air inlet parameters for
different hydrogen blending ratios are shown in Table 3.

Table 1. Coal quality analysis.

Proximate Analysis (as Received, wt.%)

Var Aar Mar FCar Q net ar (kJ/kg)
11.95 19.44 10.00 58.61 19,289

Ultimate Analysis (as Received, wt.%)

Car Har Sar Nar Oar
50.94 3.02 0.68 0.71 4.03
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Table 2. Boundary conditions for basic working conditions.

Operating Parameters

Airflow rates (kg/s)

Central air 0.4
Primary air 5.47

Internal secondary air 2.33
External secondary air 9.16

Air inlet temperatures (k)

Central air 604
Primary air 345

Internal secondary air 604
External secondary air 604

Coal mass flow rate (kg/s) 2.89

Table 3. Boundary conditions for hydrogen blending.

NO. Hydrogen
Blending Ratio

Hydrogen Flow
Rate (kg/s)

Hydrogen Injection
Position

Hydrogen
Temperature (k)

1 0% 0 / /
2 1% 0.00391 Central air pipe 300 k
3 2% 0.00783 Central air pipe 300 k
4 3% 0.01174 Central air pipe 300 k
5 4% 0.01566 Central air pipe 300 k
6 5% 0.01958 Central air pipe 300 k

3.4. Model Validation

In order to verify the accuracy of the simulation results, the burner model in the
study [26] is used for modeling in this study. Comparison with experimental results for
validation, and the verification results, are shown in Table 4. There is an error between the
established burner model and the actual model, but the errors after comparing with the
experimental results are all within the error range. Therefore, it can be considered that the
simulation results can reflect the actual situation of combustion in the furnace.

Table 4. Comparison of burner simulation value with the experimental value.

Parameter Experimental Value Simulation Value Error

NOx 404 ppm 416 ppm 2.97%
Burnout rate 99.5% 96.59% 2.92%

4. Results and Discussion
4.1. Analysis of Burnout Rate of Pulverized Coal

Figure 4 shows the pulverized coal burnout rate at the exit of the furnace for different
hydrogen blending ratios. The prototype burner operates to achieve stable combustion
by swirling and entraining of high-temperature flue gas through the swirl formed by the
secondary air. However, the excess air coefficient of the swirl burner was set to be 0.9, and
the pulverized coal could not be completely combusted. The burnout rate at the furnace
outlet during the operation of the prototype burner was 91.59%. When hydrogen is blended,
the amount of solid fuel fed into the furnace is reduced. In addition, the hydrogen gas
ignites rapidly and produces a lot of heat quickly, which disturbs the combustion near
the burner outlet. The heat released from hydrogen combustion near the burner outlet
ignites the fuel, resulting in a 2.36% increase in pulverized coal burnout after blending 1%
hydrogen. As the proportion of hydrogen blending increases further, the burnout rate at
the outlet of the furnace increases further. The burnout rate of fuel increased by 5.08% with
5% hydrogen.
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4.2. Hydrogen Distribution

Figure 5 shows the hydrogen distribution at different hydrogen blending ratios. When
not passing hydrogen into the furnace, small amounts of hydrogen are generated near
the burner outlet. This is mainly due to the fact that, during the combustion process, coal
reacts with air and in some cases produces water vapor to generate gases such as H2,
CO, and CO2 [27]. Therefore, when hydrogen is not blended, after feeding pulverized
coal as fuel into the furnace, the mole fraction of hydrogen shows an increasing trend at
the burner outlet to Y = 2.5 m. In Figure 6, when the hydrogen blending ratio is 0%, the
hydrogen content along the axial direction in the furnace shows an increasing and then
decreasing trend. This is due to the fact that a small amount of water is generated from the
combustion of pulverized coal in the furnace [4]. The water reacts with the CO generated
from incomplete combustion of pulverized coal in the furnace, thereby generating a small
amount of H2 [28]. The reflux zone in the furnace causes this fraction of hydrogen to be
consumed in the high-temperature environment after mixing with air, and the hydrogen
concentration gradually decreases. When 1% hydrogen is injected into the furnace, the
mole fraction of hydrogen at the burner outlet remains low. However, the small amount of
hydrogen generated by pulverized coal injection causes the mole fraction of hydrogen near
the burner outlet to rise slightly. The effect of hydrogen generated from pulverized coal
pyrolysis on the hydrogen content in the furnace is not obvious as the hydrogen blending
ratio rises, as shown in Figure 6. When 1% hydrogen is added, hydrogen starts to burn
inside the center pipe and the mole fraction of hydrogen starts to decrease inside the central
pipe. Continuing to increase the proportion of hydrogen blended, the flow rate of the
central pipe rises and more hydrogen is fed into the furnace. Hydrogen mixed with the
oxidizer rapidly catches fire in the high-temperature environment and a large amount of
hydrogen is consumed. As a result, the concentration of hydrogen is very low in the second
half of the furnace.
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4.3. Temperature Distribution

Figure 7 shows the temperature distribution for different hydrogen blending ratios.
When no hydrogen is added to the furnace, the pulverized coal is ignited by the high-
temperature flue gas in the reflux zone after it is fed into the furnace. Pulverized coal
combustion is predominantly distributed in the front end of the furnace chamber with
uniform temperature distribution. When hydrogen is added, the flame spreads quickly due
to the combustion of hydrogen. Near the outlet of the central pipe, the hydrogen gas mixes
with the oxidizer and burns rapidly and consumes a large amount of oxidizer. This makes
the fuel at the outlet of the burner lack the oxidant needed for combustion, resulting in
the pulverized coal not being able to burn completely. In addition, the water generated by
hydrogen combustion will wet the coal powder. During coal combustion, evaporation of
water consumes a large amount of heat, resulting in severe heat loss during combustion and
lowering of the temperature of the combustion equipment. This creates an area of lower
temperature near the burner outlet. The secondary air swirl formed by the burner will
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entrain some of the hydrogen gas, thus causing the temperature near the wall of the furnace
chamber to rise. Observation of the overall temperature distribution found that the overall
temperature distribution moved in the direction of the furnace outlet. On the one hand, this
is because the water in the pulverized coal absorbs heat due to gasification, which leads to
slower combustion rate of pulverized coal, delayed combustion, and less intense reaction.
On the other hand, the water generated by hydrogen combustion wets the pulverized coal,
and the wet pulverized coal cannot catch fire quickly. This results in a delayed burnout of
some of the pulverized coal, and the high-temperature zone moves toward the outlet of the
furnace. When hydrogen is added to the furnace, the temperature distribution inside the
furnace becomes non-uniform compared to that without adding hydrogen.
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4.4. Combustion Product Distribution

In the combustion process of coal, suitable moisture (5–8%) can effectively help the
combustion process, influence the combustion characteristics, and enhance the combustion
effect [29]. The boiler will form a high-temperature region inside the furnace during normal
operation. When hydrogen is not added to the furnace, primary air carries coal particles
into the combustion zone, and the moisture in the pulverized coal evaporates in the high-
temperature region. In addition, the pulverized coal enters the high-temperature zone
and decomposes at high temperatures, resulting in the precipitation of hydrocarbons. The
hydrocarbon combustion generates a small amount of water, which is uniformly distributed
in the furnace, as shown in Figure 8. Water is a combustion product of hydrogen. When
hydrogen is blended into the furnace, increasing the amount of hydrogen gas fed into
the furnace increases the amount of water produced, as shown in Figure 9. However,
the secondary air is deflected by the vanes to form a reflux region in the furnace. The
water vapor generated by hydrogen combustion is swept up by the reflux region, and
the high-concentration region of moisture is concentrated at the front of the furnace and
distributed on both sides of the burner.
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Figure 10 shows the CO distribution for different hydrogen blending ratios. There
are two main sources of CO in the furnace. On the one hand, when not feeding hydrogen
into the combustion zone, the pulverized coal, which is passed from the primary air pipe
to the inside of the combustion zone, starts to burn near the burner and consumes a large
amount of oxidant. With a higher concentration of pulverized coal near the burner outlet,
part of the pulverized coal cannot be fully mixed with the oxidant. As a result, this part of
the pulverized coal cannot be burned completely and a large amount of CO is generated
near the burner outlet. After hydrogen blending, hydrogen combustion produces water
vapor. The temperature of the primary air inlet is 345 k, which is below the boiling point of
water. Therefore, part of the water vapor mixed with the primary air will liquefy to form
water and attach to the pulverized coal. In addition, in the high-temperature environment
of the furnace, the liquefied water evaporates and absorbs heat at high temperatures,
thus reducing the temperature near the burner outlet. These factors affect the complete
combustion of the pulverized coal, causing the CO content near the burner outlet to rise.
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On the other hand, since the combustion process is exothermic, a high-temperature region
is formed inside the furnace. Pulverized coal and hydrogen operate in a process of co-
combustion. The water vapor generated by the combustion of hydrogen reacts with carbon
in a high-temperature environment. This process accelerates the vaporization process of
fixed carbon, which leads to the formation of increasing concentration of CO, as shown
in Figure 10. As can be seen in Figure 9, When the proportion of hydrogen blending is
greater than 3%, and as the proportion of hydrogen blending increases, the temperature
inside the furnace rises due to the intense combustion of hydrogen gas. This accelerates the
combustion of CO gas, resulting in a reduction in CO generated at the burner outlet. The
CO generated near the burner outlet is oxidized to CO2 after mixing with air in the reflux
zone, and the CO concentration gradually decreases along the axial direction, as shown
in Figure 11. CO pollution is a type of air pollution that can harm human health. Adding
hydrogen to the pulverized coal flow causes the CO content in the furnace to rise, which
leads to increased CO emissions at the furnace outlet, causing pollution of the environment.
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Figure 12 shows the CO2 distribution in the furnace at different ratios. When hydrogen
is not added to the furnace, the solid fuel is injected into the combustion zone from the
primary air pipe, and the combustion starts near the burner outlet. However, the mixing
of pulverized coal and air at the burner outlet is weak, and the pulverized coal cannot
be completely burned, generating a small amount of CO2. With the further mixing of the
primary and secondary air, the unburned pulverized coal near the burner outlet continues
to be burned to generate CO2 by mixing with oxidant. In addition, the CO generated near
the burner outlet is oxidized to form CO2. The CO2 concentration gradually increases along
the axial direction of the furnace, as shown in Figure 13. Comparison of Figures 10 and 12
shows that areas of high CO concentration correspond to areas of low CO2 concentration.
After blending different proportions of hydrogen in the central air pipe of the burner, a
conical-shaped region of low CO2 concentration appears at the burner location. On the
one hand, this is due to the intense combustion of hydrogen at the burner outlet and the
formation of water. At high temperatures, the water vapor reacts with the solid fuel to form
a large amount of CO. On the other hand, the oxygen consumed by the rapid combustion of
hydrogen causes the pulverized coal to burn incompletely to form CO. When adding 1–3%
hydrogen to the furnace, the burnout rate rises. Furthermore, the amount of CO2 generated
by burning the increased pulverized coal is greater than the amount of CO2 reduced by
hydrogen blending. The CO2 is larger than that of pure pulverized coal combustion, as
shown in Figure 14. Hydrogen blending in pulverized coal gas flow utilizes hydrogen of
equal calorific value to replace pulverized coal of equal calorific value, thus achieving the
goal of reducing carbon emissions. Further increase in the proportion of hydrogen blending
results in a decrease in the amount of pulverized coal fed in. The high temperature released
by hydrogen combustion enhances the combustion of pulverized coal, which leads to an
increase in pulverized coal burnout, as shown in Figure 4. However, an increase in the
proportion of hydrogen blending decreases the amount of pulverized coal, which most
always leads to a decrease in the total amount of CO2 emissions. When the hydrogen
blending ratio is 4% and 5%, the amount of pulverized coal passed into the furnace is
reduced, and the high temperature released by hydrogen combustion makes the burnout
rate of pulverized coal increase further. When more than 3% hydrogen is added to the
furnace, due to the reduction in carbon-containing fuels, CO2 emissions at the furnace
outlet are lower than in the absence of hydrogen, as shown in Figure 14. When the amount
of hydrogen added is 5%, the CO2 emission at the furnace outlet is reduced by 1.49%
compared to the hydrogen blending ratio of 0%, which is a low CO2 reduction. However,
the CO2 emission at the outlet of the furnace with 5% hydrogen blending is 3.22% less than
that with 1% hydrogen blending. It is expected to achieve lower carbon emissions if the
proportion of hydrogen blending continues to increase. Comparing the CO2 distribution
with different hydrogen blending ratios in Figure 12, it is found that the CO2 content is
higher at the outlet of the furnace. This is because the water vapor generated by hydrogen
combustion wets the pulverized coal, which delays the combustion of the pulverized coal.
The unburned pulverized coal is concentrated near the outlet of the furnace and generates
a large amount of CO2. To reduce CO2 emissions, the burnout rate of pulverized coal
can be increased when a lower proportion of hydrogen is added to the pulverized coal
flow, thereby increasing the CO2 emission at the furnace outlet. By further increasing the
proportion of hydrogen blending, the CO2 emission from the combustion of pulverized coal
is less than the CO2 reduction caused by hydrogen blending, and the purpose of reducing
CO2 emission is achieved.
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5. Conclusions

This paper studies the co-combustion process of hydrogen and pulverized coal through
a burner in the combustion zone. The study uses numerical simulation to pass different
proportions of hydrogen into the furnace at the central air pipe of the burner. The effects
of different hydrogen blending ratios on the flame structure, pulverized coal combustion
rate, and combustion products are discussed. The following conclusions were obtained by
analyzing the results of the study:

(1) Hydrogen burns and produces a lot of heat to ignite the pulverized coal, resulting
in a 2.36% increase in the burnout rate after 1% hydrogen blending compared to
combustion without hydrogen addition. The burnout rate of pulverized coal increased
by 5.08% after burning 5% hydrogen. The burnout rate increased with the increase in
the percentage of hydrogen blending.

(2) When no hydrogen is added to the furnace, a small amount of hydrogen is generated
by the reaction of the pulverized coal when it is fed into the furnace. The hydrogen
concentration rises near the burner outlet. When different proportions of hydrogen
are fed into the furnace, the area of high hydrogen concentration is mainly near the
burner outlet. At high temperatures, the hydrogen concentration decreases axially as
the hydrogen mixes with the oxidizer.

(3) When no hydrogen is added to the furnace, many of the pulverized coals are concen-
trated at the front end of the combustion zone, and the temperature distribution is
uniform. After hydrogen blending, the water generated by hydrogen combustion
wets the pulverized coal. The coal combustion process of water evaporation consumes
a lot of heat, reducing the temperature of the combustion equipment, and the burner
outlet appears as a low-temperature zone. Hydrogen blending makes part of the
pulverized coal combustion time prolonged, and the high-temperature zone moves to
the direction of the furnace outlet.

(4) After hydrogen blending, the reflux zone formed by the burner causes the high
concentration of moisture to be concentrated in the area near the burner. When the
amount of hydrogen added to the furnace is zero, the CO in the furnace mainly comes
from the incomplete combustion of pulverized coal. When 1–3% hydrogen is added,
the water vapor in the furnace reacts with the carbon to produce a large amount of
CO. When more than 3% hydrogen is added to the furnace, the water content rises,
resulting in a lower temperature at the burner outlet and a decrease in the amount
of CO produced. When the proportion of hydrogen blending is 1–3%, the burnout
rate rises, and the CO2 generated by combustion increases. When the proportion of
hydrogen blending is more than 3%, the CO2 emission is reduced. The CO2 emission
at the outlet of the furnace with 5% hydrogen blending was 1.49% lower than that
without blending, and 3.22% lower than that with 1% hydrogen blending.
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