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Abstract: The extensive use of coal in the steel metallurgy sector has resulted in significant
greenhouse gas emissions. Hydrogen-rich gases have been introduced to partially replace
coal in the blast furnace reduction process to mitigate this issue. This research explores using
abundant coalbed methane (CBM) resources near steel plants for metallurgical applications.
Addressing the challenge of determining optimal process parameters in hydrogen-rich
blast furnace smelting, this project first develops an energy and mass balance model for the
hydrogen-rich blast furnace, providing a foundation for process analysis. Using this model,
the substitution ratio and oxygen enrichment rate of the blast furnace are calculated under
varying preheating temperatures of coalbed methane. Additionally, this study assesses
carbon dioxide emission patterns based on the elemental balance principle, emphasizing
the potential of coalbed methane to reduce carbon emissions and support low-carbon
metallurgical development.

Keywords: hydrogen-rich gas injection; coalbed methane (CBM); low-carbon ironmaking;
smelting process optimization; carbon dioxide emissions; raceway adiabatic flame
temperature (RAFT)

1. Introduction

With the global greenhouse effect intensifying, various environmental issues—such
as melting ice sheets and marine heatwaves—increasingly impact human life and eco-
nomic activities [1,2]. Reducing CO, emissions and realizing a low-carbon industrial
system have become global imperatives. The steel industry, primarily dependent on fos-
sil fuels, contributes approximately 4% to 7% of global anthropogenic carbon dioxide
emissions [3]. According to the latest data released by the National Bureau of Statistics,
China’s crude steel output reached 1019.08 million tons in 2023, with over 90% produced via
the blast furnace-basic oxygen furnace (BF-BOF) route, a typical long-process steelmaking
method [4]. Although blast furnace metallurgy poses significant ecological and environ-
mental challenges, traditional blast furnace ironmaking remains the most widely adopted,
efficient, and economically viable method, maintaining a central role in the ironmaking
industry [5].

Researchers have conducted numerous studies to verify the feasibility of using hydro-
gen to reduce iron oxides. Hou et al. [6] investigated the kinetic parameters of the hydrogen
reduction of iron oxide in a differential micro-packed bed using an isothermal method.
Their study analyzed the effects of external diffusion, internal diffusion, and heat transfer
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on the intrinsic reaction rate and accurately determined the intrinsic kinetic parameters
for the hydrogen reduction of Fe,O3. W.K. et al. [7] explored the thermodynamic behavior
of the hydrogen-based reduction of iron oxide and found that the reaction follows the
principle of distributed transformation.

These experimental studies have fully substantiated hydrogen’s feasibility and poten-
tial benefits in reducing iron oxides. The hydrogen-enriched blast furnace has attracted
growing global attention as a practical approach to achieving low-carbon smelting and
promoting green, sustainable development. Many countries have incorporated hydrogen
metallurgy—an emerging and transformative technology—into their strategic development
agendas [8].

However, significant challenges remain in promoting and implementing hydrogen-
enriched blast furnace technology. Due to the high reduction reactivity and strongly
endothermic nature of hydrogen-rich gases during in-furnace reactions, substantial devi-
ations arise in the system’s energy and mass balance, as well as in operating parameters,
compared to conventional blast furnace processes. Moreover, the high-temperature crack-
ing of hydrogen-rich gases disrupts the original thermal equilibrium model [9], potentially
affecting the stable operation of the blast furnace. Therefore, before applying this new
technology, it is essential to investigate the furnace’s operating parameters and thermal
distribution characteristics under hydrogen-rich conditions [10].

A systematic analysis of hydrogen-rich blast furnace processes is imperative to ensure
a successful transition. This includes examining the transformation pathways and dynamic
evolution of iron and carbon flows, developing a comprehensive energy and mass balance
model for the hydrogen-enriched system, and determining key process parameters through
theoretical calculations. Ultimately, this will facilitate the establishment of a complete
calculation framework integrating both material and energy flows, providing a solid
scientific basis for the optimization and implementation of hydrogen-based low-carbon
smelting technologies.

Qu et al. [11] developed a multi-regional constrained mathematical model based on
energy and mass balance calculations to predict the energy and material flows required
for metal smelting. The study showed that hydrogen content increased from 30% to 50%
in hydrogen-rich processes, and the output gas volume rose by 38%. Moreover, the upper
limit of hydrogen content in the SRV (Smelting Reduction Vessel) exhaust gas was primarily
influenced by the PCR (Post Combustion Ratio); as the PCR increased from 0% to 8%, the
hydrogen content decreased from 52.7% to 45.2%.

Guo et al. [12] constructed an ideal model for iron oxide reduction by carbon and
hydrogen under blast furnace conditions, using stoichiometric algorithms and the free
energy minimization method. They compared the reduction efficiency and theoretical
energy consumption between conventional all-carbon and hydrogen-rich blast furnaces.

Furthermore, Zhang, Xu et al. [13] employed ANSYS 2024 R1 Fluent fluid simulation
software to establish a computational grid model of the tuyere-raceway zone in a hydrogen-
rich blast furnace. This model analyzed gas—solid flow dynamics and fuel combustion
characteristics. The study further compared the behavior of four hydrogen-rich fuels within
the system—hydrogen, natural gas, coke oven gas, and recycled top gas.

Nevertheless, the internal energy and material flow patterns within hydrogen-rich
blast furnaces remain poorly understood based on the research models. Given the critical
role of heat distribution in ensuring stable furnace performance, this study aims to establish
an efficient mathematical model grounded in the principles of heat and mass equilibrium.
The objective is to perform detailed analyses and optimize smelting parameters under
hydrogen-enriched conditions.
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The proposed model incorporates material balance, overall furnace heat balance, the
hydrogen-enriched operating line, and the theoretical combustion temperature as boundary
conditions. These factors collectively guide and support hydrogen-based blast furnace
operations. In the first stage, actual daily production data from a steel plant in China were
used to develop an energy and mass balance model based on the law of conservation of
mass and Hess’s law. An iterative calculation program was then designed to generate
furnace operating parameters that meet the defined boundary constraints. Finally, an
operating window was constructed to map the relationship between hydrogen injection
and oxygen enrichment levels, thereby providing a theoretical framework to evaluate the
essence and carbon reduction potential of hydrogen-rich blast furnace processes.

2. Calculation and Iteration of the Energy and Mass Balance Model of
Hydrogen-Rich Blast Furnace

2.1. Original Data Processing

For the energy and mass balance calculations of the blast furnace, the required data
items were extracted from the daily reports of a 1860 m3-class blast furnace at a steel plant
in China for 2023. These reports contain many parameters that are crucial for theoretical
energy and mass balance calculations. However, the measurement data may fluctuate
during production, potentially leading to outliers. Therefore, it is essential to apply effective
data inspection methods to eliminate these outliers, ensuring the accuracy and general
applicability of the calculated results. When identifying outliers, the rationales should
first be analyzed from the perspective of smelting technology, physical characteristics, or
management practices. If determining the cause proves challenging, the Nair test method
can be used for verification [14,15]. Table 1 presents the important blast furnace parameters
after inspection.

Table 1. Production indices of the blast furnace after outlier removal (2023).

Project A K M Ton—iron P top Ttop Tpiest Tf T0e
kg/t kg/t kg/t °C kpa °C °C °C %
result 1670.8 346.3 170.5 1510.12 259.81 160.05 1200.15 2216.47 4.28
The subsequent mathematical model calculations in this study are based on the data
presented in Table 1. To ensure the reliability of the input data, a chemical analysis was
performed on the furnace charge, confirming that the total elemental composition adds up
to 100%. Additionally, the chemical compositions of the coke, pulverized coal, and various
ores used in the steel plant were analyzed, with the results presented in Tables 2 and 3.
Table 2. Chemical analysis of coke and pulverized coal (wt%).
Moisture FeO Sio CaO MgO  ALO H N o
Content € € 2 a 8 28 2 2 2
Coke 0.03 0.51 0.66 5.76 0.46 0.25 4.48 0.32 0.31 1.66
Coal 0.00 0.51 0.66 7.10 0.53 0.13 4.60 3.67 2.49 3.64
Table 3. Elemental composition of Ore (wt%).
TFe FeO Fe,0; FeS Si0, CaO MgO  ALO; MnO, S P
Sinter 54.49 9.02 67.80 0.07 5.54 11.50 297 2.44 0.58 0.02 0.07
Pellet 62.28 1.16 87.67 0.03 5.88 1.57 1.30 0.62 0.60 0.01 0.05
Lump ore 59.52 0.69 84.24 0.07 7.67 241 1.49 2.26 1.14 0.02 0.19
Mixed ore 56.30 6.75 72.90 0.06 5.88 8.83 2.53 2.15 0.66 0.02 0.08
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Based on the production data from the steel plant, the ratio of sinter, pellet, and lump
ore charged into the blast furnace is 0.72:0.145:0.135. The composition of the hot metal is
calculated based on the elemental balances of iron, manganese, and carbon. Subsequently,
the ore consumption rate is determined through reverse calculation and verified accordingly.
The calculation follows the law of conservation of elements, which states that the total
quantity of each element charged into the furnace must equal the sum of that element
distributed in the hot metal, slag, dust, and gas emissions. The finally verified composition
of molten iron is presented in Table 4 and is used as the basis for the subsequent mass
balance analysis.

Table 4. Elemental composition of the hot metal (wt%).

Fe C Si Mn Ti S P
94.48 4.57 0.40 0.43 0.05 0.03 0.04

2.2. Construction of Mathematical Model of Energy and Mass Balance
2.2.1. Establishment of Whole Furnace Material Balance Model

The practical significance of compiling a material balance sheet for the entire furnace
lies in systematically organizing and analyzing the input, output, and transformation
relationships of various materials within the blast furnace system during production. This
approach facilitates the effective monitoring of enterprise resource utilization efficiency
and helps identify potential energy losses and raw material waste. Doing so enables the
optimization of the production process and enhances economic benefits. Figure 1 illustrates
the physical and chemical changes within the blast furnace as raw materials are fed in.

Feed the furnace
charge

behavior state

Free water evaporation The
Crystal water and pyrite
decomposiliogyn charge
1 Indirect reduction of iron ore ~ T€MAINS

: Solid reaction occurs in slag blocky
1

Carbon melting reaction
C+C€0,=2C0 C+H,0=CO+H,

CO + H,0 = CO, + H,

Iron oxide is reduced

: createlconditions

. : . dmnches Y/, € + Fe,0, = xFe + 7/, CO,
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: | Carbon gasification reaction
1
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Figure 1. Charge behavior and chemical reaction equation in blast furnace.
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The material balance sheet has been compiled based on the completed collection of
inputs and outputs in the blast furnace system. Table 5 presents the material balance sheet
for the entire furnace. According to the mathematical model, if the relative error of the
material balance is below 0.3%, the calculation can be considered accurate [16].

Table 5. Full-furnace material balance sheet (kg/t).

Incoming Project Outgoing Project

moisture content 1670.80 pig iron 1000
coke (wet) 346.3 slag 373.63
limestone 0 coal oven gas (wet) 2133.48

blast t 1327.07

aiogvlve ) 1705 furnace dust 8.55
aggregate 3514.68 aggregate 3515.66
absolute error 1.18 relative error 0.028%

2.2.2. Establishment of Heat Balance Model of Whole Furnace

Thermal equilibrium calculation is a crucial step in the ironmaking process. Analyzing
the heat input and output during blast furnace smelting makes it possible to assess smelting
efficiency effectively and explore ways to enhance energy utilization and reduce fuel
consumption. The blast furnace’s heat consumption directly affects the coke ratio in
ironmaking, and thermal equilibrium calculations are instrumental in determining the
minimum coke consumption under specific smelting conditions.

For the calculations, this study uses a full-furnace first-law thermodynamic equilib-
rium model based on Hess’s law. Table 6 presents the first type of full-furnace thermody-
namic equilibrium table.

Table 6. The first full-furnace heat balance meter.

Heat Income Heat Expenditure

Project Heat GJ /t % Project Heat GJ/t %
Qcarbon 2.837 28.08 Q/l 6.907 68.26
Q, 0.031 0.30
Qblast 1.575 15.56 Q/3 0.007 0.07
Q, 0.171 1.69
Qrestore 5.703 56.38 o 1.999 19.7%

, Qs 0.309 3.05
Qslaggzng 0.002 0.02 Q/7 0.001 0.001
Qcharge 0 0 Qg 0.691 6.83
aggregate 10.118 100 aggregate 10.118 100

2.3. Integration of Coalbed Methane in Hydrogen-Rich Blast Furnace System

In this study, the hydrogen-rich gas used was coalbed methane (CBM). The abun-
dant CBM resources at the factory location significantly enhanced smelting efficiency and
economic benefits. The composition of a unit volume of CBM was analyzed, and the
composition ratios are shown in Table 7.

Table 7. Composition of coalbed methane (CBM) per unit volume (vol%).

Heavy
CH, CO: Nz 0> Hydrocarbon
97.3 0.262 1.52 0.145 0.101

In the CBM, nitrogen (Ny) can stably exist within the blast furnace and will escape
through the exhaust after passing through the furnace. Carbon dioxide (CO;) and oxygen
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(O,) participate in oxidation reactions, while heavy hydrocarbons undergo cracking at high
temperatures. Due to their relatively low content, the heat consumption for cracking can
be approximated using empirical values. The behavior of methane (CHjy), which has the
highest content in CBM, requires a more comprehensive analysis.

Once CHy enters the furnace through the lance, most of it will combust and decom-
pose in the swirling zone, generating significant amounts of carbon monoxide (CO) and
hydrogen (Hj). The remaining methane will partially crack on the catalytic surfaces formed
by the ore and coke, producing solid carbon and hydrogen. [17,18] Additionally, some
methane will directly contribute to the reduction of iron oxide.

Figure 2 illustrates the division of the tuyere-raceway zone in the hydrogen-rich blast
furnace. The primary chemical reactions and their corresponding reaction enthalpies in the
smelting process are given by Equations (1)—(16).

H A

Figure 2. Division of the blast furnace tuyere-raceway zone. (A. Blast furnace body; B. pulverized
coal injection pipe; C. blast lance; D. hydrogen-rich gas injection pipe; E. blast furnace tuyere; F.
cohesive zone; G. blast furnace raceway; H. Deadman).

Area G:
CHy +20; — COy +2H,0O AH = —802.3 kJ/mol 1)
CHy + CO; — 2CO+2H; AH =247.3k]/mol )
C+0p; - CO; AH = —393.509 k] /mol 3)
C+CO; — 2CO AH =172.525k]/mol 4)
H, + %Oz — HyO(g) AH = —241.818 k] /mol (5)
C+H,0(g) - CO+H,; AH = 131.293 kJ/mol (6)
CoHm + (n +m/4)0; — nCO; + (m/2)H,O (7)
Area F:
3CO + Fe;0O3 — 2Fe +3CO, AH = —24.752 kJ /mol (8)
3H; + Fe;O3 — 3Hp,O 4 2Fe AH = 98.746 kJ /mol )
FeO 4+ C — Fe + CO AH = 152.6 k] /mol (10)

CaCO3 — CaO 4+ CO, AH = 1783 k]J/mol (11)
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S0, + 2C — Si+2CO AH = 687.6 kJ/mol (12)
MnO + C — Mn + CO AH = 123.4 k] /mol (13)
P,Os + 5C — 2P + 5CO AH = 1045.0 k] /mol (14)
CaO + Si0; — CaSiO; AH = —89.5 kJ/mol (15)
CH, “™* C 1 oH, AH =75k (16)

Due to the introduction of hydrogen, the energy and mass balance mathematical
model of the traditional blast furnace described earlier must be updated. Following the law
of conservation of elements, the material balance section still meets the calculation require-
ments under hydrogen-rich conditions. Building on the previous discussion regarding the
reactions involving CHy in the furnace, the first comprehensive heat balance table for the
entire furnace after hydrogenation has been supplemented and improved.

With the increased hydrogen input into the furnace and its expanded influence, the
traditional Rist operating line can no longer accurately calculate the direct reduction degree
under hydrogen-rich conditions. As a result, hydrogen is incorporated into the system in
this study, forming the modified Rist operating line within the Fe-O-C-H system [19].

In calculating the theoretical combustion temperature for the new system, the heat
input items primarily include the heat released by fuel combustion and the physical
heat contributed by coke. The heat expenditure items mainly encompass the heat con-
sumed during coal powder decomposition, the heat required for slag formation, the heat
for desulfurization, and the heat consumed during the decomposition of moisture in
coal powder.

2.4. Parameter Iteration Calculation for Hydrogen-Rich Blast Furnace

To ensure the efficiency and accuracy of the iterative calculation of the mathematical
model, several empirical or experimental parameters were used to restrict the calculation
range, adhering to the following conditions:

1. Verify that the chemical analysis of the charge sums to 100%.

2. Ensure the relative error of the material balance is within 0.3%.

3. The heat loss in the thermal balance of the entire furnace must be between 4% and 8%,
with the heat loss in the high-temperature zone accounting for 70% to 80% of the total
heat loss.

4. The initially set direct reduction degree should differ by no more than 1 x 10> from
the direct reduction degree calculated by the furnace body efficiency model (1r_d-r_d0

| <1075;).

5. The furnace body efficiency should remain above 98%.

In summary, the mathematical model has been updated after introducing a significant
amount of hydrogen into the system. This update includes expanding heat balance inflow
and outflow items, applying the modified Rist operation line under the four-component
system, refining the theoretical combustion temperature calculation process under the new
system, and establishing 0.35 as the hydrogen utilization rate based on actual production
experience. Through these updates, the mathematical model in the hydrogen-rich system
aligns with the actual operational conditions of the hydrogen-rich blast furnace.

The calculation process for this model is depicted in Figure 3. Using the production of
one ton of hot metal as the basis, the iterative process is as follows:

1.  Start.
2. Organize the composition of the raw materials.
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Input operational parameters: blast oxygen concentration, coke ratio, coal ratio, and

CBM injection volume.
Set the initial degree of reduction as r_d0.

Perform material and heat balance calculations, validating them based on the boundary

conditions.

Establish the furnace body efficiency model, calculate the direct reduction degree
r_d using the modified Rist operating line, and verify it according to the boundary

conditions.

Perform theoretical calculations of the combustion temperature and validate them

against the boundary conditions.

Output the blast furnace parameters obtained through the calculations.

End.

Start

v

Raw material composition finishing calculation

|

Y
A

Operation parameter input

!

The direct restore degree is set to rao

A

)

Material balance
relative error <0.3%

2100 °C <T§< 2250 °C

Output BF parameter

v

Over

Figure 3. Flowchart of the parameter iteration calculation for the hydrogen-rich blast furnace.

3. Results and Discussion
3.1. Model Validation
The accuracy of the hydrogen-rich blast furnace energy and mass balance model was

validated using actual daily production data. The initial direct reduction degree was set to
0.45, and the key parameters calculated by the model are summarized in Table 8. To ensure
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robust validation, operational data from nine randomly selected working days in March,
July, and November were utilized. This selection accounts for potential fluctuations arising
from variations in temperature, pressure, and furnace operating conditions.

Table 8. Calculated values of the direct reduction degree under ten sets of computational parameters.

Workin . . Consumption per Hot Air Initial Direct
Conditi(;gn Coke Ratio Coal Ratio ton of IIr’on Ofe Temperature Reduction Degree
Units kg/t kg/t kg/t °C  —

1 310.5 167.5 1645.02 1235 0.4310

2 328.9 171.7 1732.06 1237 0.4285

3 326.9 162.2 1689.67 1218 0.4333

4 324.1 163.1 1661.87 1219 0.4328

5 344.0 172.9 1700.12 1211 0.4262

6 330.8 151.7 1645.84 1217 0.4398

7 347.1 162.6 1745.12 1201 0.4320

8 332.0 142.4 1613.44 1200 0.4447

9 335.4 141.8 1653.49 1185 0.4441

10 351.8 132.4 1615.12 1190 0.4505

In total, 10 sets of operational reports from the blast furnace of the steel plant in 2023
were randomly selected. Using the calculation method proposed by Professor A.H. Ram,
the direct reduction degree values were derived, as shown in Table 8. All calculated values
fall within the range of 0.42 to 0.45, demonstrating consistency with actual operational
conditions and further verifying the reliability of the model.

She Xue-feng et al. [20] iteratively established the relationship between carbon con-
sumption and the direct reduction degree in a blast furnace based on theoretical equations,
as illustrated in Figure 4. The curves labeled w(C;); ; and w(C;), , represent carbon con-
sumption as a function of the direct reduction degree during the indirect reduction in
minerals, derived from carbon oxide equilibrium principles. These curves intersect the line
representing the carbon required for heat supply at points A and B, corresponding to the

minimum theoretical direct reduction degrees of 0.35 and 0.40, respectively.

0.93

°n
% 600
= w(C),
£ 509 SN >
= 0.40, 361
= 449 | ; '
=400 F 399
o P 7

L B w(Ci 2
'g' w(Cp1, Ay ) | e
= St |
z 035,343 |
§ 200 g

’
g w(Cy)
'% e 46.83
o ’ 1 1 1 1
0 0.2 0.4 0.6 0.8 1.0

Degree of direct reduction

Figure 4. Relationship between carbon consumption and degree of direct reduction in TBF [20].
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In actual blast furnace operations, although carbon oxides undergo mutual conversion,
reaction kinetics limitations prevent these reactions from reaching full equilibrium. As a
result, the practical minimum direct reduction degree lies between 0.35 and 0.40, corre-
sponding to a minimum carbon consumption range of 343 to 361 kg-t!. Under the current
mainstream production conditions in China, the direct reduction degree typically reaches
about 0.45, which corresponds to a minimum carbon consumption of 399 kg-t~!. Therefore,
China’s blast furnace ironmaking technology is considered mature, leaving limited room
for further carbon reduction solely through process optimization within this framework.

To ensure robust validation, operational data from nine randomly selected working
days in March, July, and November were used, accounting for potential fluctuations caused
by variations in temperature, pressure, and furnace operating conditions.

As shown in Table 9, the calculated values for B_(M-error), r_(Q-loss), and T_f all fall
within normal operational ranges, confirming the model’s reliability under steady-state
conditions. Furthermore, Table 10 compares the calculated gas composition with on-site
measured blast furnace gas data, demonstrating strong consistency and validating the
model’s accuracy and applicability.

Table 9. The relevant parameters obtained from the model calculation and verification.

Number 1 2 3 4 5 6 7 8 9
K 344.0 351.8 360.4 348.7 329.6 333.6 335.0 3254 324.7
M 160.1 162.4 151.2 139.1 169.0 169.7 159.4 166.3 162.7
70e 4.72 4.20 3.86 2.99 5.35 5.20 4.66 5.17 4.05
Ttop 109 125 95 98 157 139 123 138 143
Thiast 1159 1190 1175 1189 1218 1210 1203 1239 1240
By —error 0.036 0.034 0.023 0.038 0.040 0.037 0.039 0.043 0.040
TQ—loss 5.32 6.73 7.02 4.62 4.08 4.99 4.40 4.07 4.83
Ts 2177 2196 2203 2232 2207 2200 2211 2226 2232

Table 10. The composition of the top gas obtained from the model calculation and the measured
values from actual production.

Project C02 Cco N2 H2 H20
Model calculation result, % 21.447 24.037 48.302 3.021 3.193
Field measurement result, % 22.0 23.5 52.42 1.77 —

This comprehensive verification using field data confirms that the developed energy
and mass balance model can accurately simulate the operation of hydrogen-enriched blast
furnaces and is suitable for guiding process optimization in industrial applications.

Table 10 shows that the calculated CO,, CO, and H; volume fractions closely match
the field measurement values. However, a slight discrepancy is observed between the
calculated and measured N, volume fractions. This difference is due to the inclusion
of water content in the total gas calculation. After accounting for removing H,O, the
calculated N; volume fraction is 49.899%, with a relative error of 2.522%, compared to the
field-measured value. The primary cause of this discrepancy is air infiltration caused by
the imperfect sealing of the on-site measurement device during gas composition analysis,
resulting in partial contamination by air. Therefore, the gas composition calculated by this
model aligns well with the field measurement results, thus validating the accuracy and
rationality of the model.

Furthermore, following the previously stated constraints, the heat loss in the high-
temperature zone should account for 70% to 80% of the total heat loss in the entire furnace.
The calculated result from the model is 5.958 GJ /t, which represents approximately 76.25% of
the total heat loss in the furnace, falling within the blast furnace’s normal operating range.
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These two verification procedures confirm the accuracy and rationality of the model.

3.2. Influence of Pulverized Coal Injection on Key Parameters in Blast Furnace Operation

To understand the range of coal and CBM injection quantities after the blast furnace
transformation under hydrogen-rich conditions, the coal injection quantity of the traditional
blast furnace is defined using a model. The initial conditions are set: a coke ratio of
346.3 kg/THM, a coal ratio of 155.5 kg/THM, a step increase of 5 kg/THM for the coal
ratio, and an oxygen enrichment rate of 6%. As the coal ratio increases, the changes in
the gas composition in the furnace, the blast volume, and the theoretical combustion
temperature are illustrated in Figure 5.

2280

%‘:‘0 —&— Blast volume )
1600 - CJco, 1150 o | —A— Theoretical Combustion T | <
i, @
-

* ~
) - 1
g S oo 2240 g
:’ 1200 E £
S o 9
£ £ -
2 = 1050 g
3 5 S
9 2 =]
£ L2200 &
£ 300 E} 2
5 = 2
2 Z 1000 g
80 7] &)
Iy = =
5 G
= 400 & L2160 2
950 - e
o
o
@
=

0 T T T T T T T 900 T T T T T T T
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Coal ration (kg/THM) Coal ratio (kg/THM)
(a) (b)

Figure 5. Variation in key parameters in blast furnace with coal injection. (a) Variation in top gas
composition. (b) Variation in blast volume and theoretical combustion temperature.

With the increase in the amount of coal injected into the furnace, Figure 5a shows the
variation in the content of gas components within the furnace. Notably, CO, N,, and H;
levels exhibit a significant rise. Under the basic furnace conditions, for every 10 kg/THM
increase in the coal injection quantity, the average increments of CO, Ny, and H; are
13.61 m®/THM, 22.46 m3/THM, and 2.84 m3/THM, respectively, with increase rates of
3.73%, 3.15%, and 6.41%.

As the coal injection quantity increases, the demand for blast air also rises to maintain
stable and smooth furnace operation, increasing N, content within the furnace hearth.
Additionally, due to the excess carbon, the combustion at the tuyere reaches its threshold,
increasing the proportion of incomplete carbon combustion. The water—gas reaction in-
tensifies, with reaction products including H, and CO, as shown in Reactions (7) and (9),
which increases the CO content in the furnace hearth. Simultaneously, as the amount of coal
powder increases, the hydrogen and water introduced into the system also increase, leading
to a rise in Hj content in the furnace hearth. As the pulverized coal injection rate increases
within the blast furnace, the CO, content remains relatively constant at 338.22 m3/THM.
This stability is due to the constraints imposed by the input quantity of blended iron ore
and the inherent limitations of the blast furnace itself. In summary, as the pulverized coal
injection rate increases, the top gas volume rises correspondingly.

In conclusion, with the progressive increase in coal injection quantity, the proportion
of reducing gases increases by as much as 17.28%. This change facilitates the smooth
conduction of the reduction reaction. However, considering the limitations of theoretical
combustion temperature and economic benefits, the optimal carbon consumption value
must be calculated. Figure 5b presents the variations in blast volume and theoretical
combustion temperature. As coal injection increases, the oxygen input to the furnace must
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be enhanced, which raises the blast volume, while the theoretical combustion temperature
shows a downward trend. For every 10 kg/THM increase in coal injection, the Tf decreases
by approximately 16.28 °C. The boundary coal injection quantity must be calculated to
keep the Tf within the normal range (2100 °C to 2250 °C). After computation, under these
initial conditions, the coal injection quantity should fall within the 136.02 kg/THM to
228.14 kg/THM range.

3.3. Effect of CBM Injection on Pulverized Coal Injection and Oxygen Enrichment

The original working conditions are set as the initial baseline. Figure 6 illustrates the
impact of the CBM preheating temperature and injection volume on the coal ratio and the
oxygen enrichment rate of the blast furnace air.
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Figure 6. Impact of CBM injection conditions on coal ratio and oxygen enrichment.

Firstly, as the injection volume of CBM increases, the coal ratio shows a linear down-
ward trend. When the preheating temperature of CBM is 25 °C, for every increase of
10 m3/THM in CBM, the coal ratio decreases by approximately 8.08 kg/THM. Under these
conditions, when the CBM injection volume reaches 120 m3/THM, the coal ratio decreases
from 170.5 kg/THM to 73.27 kg/THM, while the oxygen enrichment rate of the blast
increases from 4.28% to 10.30%. This phenomenon occurs because when room-temperature
CBM is injected into the blast furnace, it must be heated to the combustion temperature
at the tuyere-raceway zone, requiring additional heat from pulverized coal combustion,
thereby increasing the oxygen enrichment rate of the blast. Additionally, injecting cold gas
into the furnace reduces the coal ratio. It induces internal pressure changes in equipment
like gas guns due to the alternation of hot and cold, significantly impacting the service life
of the equipment.

In summary, to further enhance the reduction potential of CBM, the CBM was pre-
heated to temperatures of 400 °C, 800 °C, and 1200 °C before injection into the blast furnace.
Through model calculations, the effects of CBM injection volume at different preheating
temperatures on the coal ratio and oxygen enrichment rate were obtained, as shown in
Figure 6. When the CBM injection rate is relatively low, the physical heat brought in by the
CBM is minimal, and changing the preheating temperature does not significantly affect
the reduction in the coal ratio. Compared to the room-temperature condition, when the
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preheating temperature is 1200 °C and the CBM injection volume is 10 m?3/THM, the coal
ratio decreases by 0.421 kg/THM.

However, as the CBM injection volume increases, preheating the CBM significantly
reduces the coal ratio in the blast furnace. When the CBM injection volume reaches
120 m3®/THM, the coal ratio under room temperature decreases to 74.51 kg/THM. In
contrast, at a preheating temperature of 1200 °C, it drops to 22.9 kg/THM, a reduction of
approximately 69.26%.

As the preheating temperature of coalbed methane increases, the reduction in the coal
ratio becomes more pronounced. Therefore, to maintain the energy and mass balance of
the blast furnace system, it is necessary to supply additional physical heat through the
blast, requiring an increase in blast volume. Since the blast temperature is fixed, the oxygen
enrichment rate must be reduced to accommodate the increased blast volume. When
120 m3/THM of coalbed methane is injected into the blast furnace at room temperature
and a preheating temperature of 1200 °C, the oxygen enrichment rate of the blast decreases
from 10.30% to 6.81%. As the preheating temperature of coal mine gas inside the blast
furnace increases, the pulverized coal injection rate decreases significantly. To maintain
the energy and mass balance of the entire blast furnace system, it becomes necessary to
increase the blast volume to supply additional thermal energy. Since the blast temperature
is fixed, and elemental balance must be preserved during operation, the oxygen enrichment
rate must be reduced to accommodate the higher blast volume. This explains the observed
trend in the curve.

3.4. Effect of CBM Injection on the Raceway Adiabatic Flame Temperature

Previous studies have established that injecting CBM into the furnace to reduce the
coal ratio is an effective carbon reduction technology. However, with the introduction
of a significant amount of hydrogen elements, the temperature within the furnace may
decrease [10]. Reducing the coal ratio is crucial to ensuring the stable operation of the
blast furnace.

A key parameter is required to assess the blast furnace’s thermal variations and opera-
tional performance. Since the majority of the heat needed in the metallurgical production
of the blast furnace is supplied by the combustion of fuel at the tuyere-raceway zone,
the variation in Raceway Adiabatic Flame Temperature (RAFT) serves as an important
indicator of the thermal state of the furnace. The RAFT is a critical parameter for evaluating
blast furnace operation. As blast furnace smelting calculations have evolved, numerous
scholars have refined heat balance models, improving their accuracy. The adiabatic flame
temperature calculation model is presented as Equation (17).

Qcarbon + Q]S< + Qumethane — QZ; — QM—decom — Qslagging

= —Ash —Ash —not
T Ash Ash not
Cpgx [/Gus_‘_CK XmK +CM XmM +CM XmM

RAFT = (17)

Furthermore, CBM is a biofuel with a relatively high hydrogen content. To maintain
the thermal equilibrium of the blast furnace, the RAFT should be controlled to remain above
1900 °C [21], and the T_top should be kept above 130 °C. Figure 7a,b show the effects of
injecting CBM at different preheating temperatures on the RAFT, with the original smelting
parameters unchanged and the coal ratio varying, as shown in Figure 6. The initial RAFT is
set at 2216.47 °C, the initial T_top is set at 160 °C, the oxygen enrichment rate is 6%, and the
injection temperatures of CBM are set at 25 °C, 400 °C, 800 °C, and 1200 °C, respectively.
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Figure 7. Effects of CBM injection at varying volumes and temperatures on RAFT. (a) CBM injection
without changing the original conditions. (b) Condition after coal replacement with CBM injection.

When CBM is injected into the system, the RAFT exhibits a downward trend. This
occurs because CBM, initially at room temperature, must absorb heat to reach the furnace
belly temperature after entering the system. Additionally, methane pyrolysis at high
temperatures is an endothermic reaction, as shown in Equation (16).

However, preheating the CBM can effectively alleviate this issue. Initially, when
CBM is injected into the furnace at room temperature, and the injection volume reaches
120 m3/THM, the RAFT decreases from 2216.47 °C to 2095.11 °C, a reduction of 5.48%.
According to the iterative model, when the CBM injection rate increases to 425 m®/THM,
the RAFT further drops to 1902.74 °C. Due to the limitations mentioned earlier, the CBM
injection volume is limited. Exceeding this volume could lead to cooling issues in the
furnace and disrupt its operation. To further enhance the RAFT and ensure the furnace’s
stability and efficiency, CBM was preheated to 400 °C, 800 °C, and 1200 °C.

When the CBM injection volume reaches 120 m®/THM after preheating to 400 °C,
the RAFT decreases from 2216.47 °C to 2119.86 °C, a reduction of 4.36%. This is because,
at the hot air temperature, CBM enters the furnace without needing to absorb heat from
the environment to reach the reaction temperature. Additionally, preheating provides the
necessary heat for the decomposition of CBM. This effect can be observed in the furnace’s
top temperature variation curve.

However, the RAFT slightly increases when CBM is preheated to the hot air tem-
perature (i.e., 1200 °C), and the injection rate is between 0 and 59.81 m3/THM. In this
case, the physical heat from the preheated CBM and the heat released by combustion help
compensate for the system’s heat deficit.

As shown in Figure 7b, when the coal and CBM substitution ratio from Figure 6 is
applied to the model calculations, an increasing CBM injection rate leads to a correspond-
ing increase in the oxygen enrichment of the blast air. Under these conditions, RAFT’s
downward trend halts and rises with the increasing CBM injection rate. Similarly, the
RAFT increases with the CBM injection rate, with preheating further amplifying this in-
crease. Initially, when CBM enters the furnace at ambient temperature, an injection rate
of 120 m3/THM results in the RAFT rising to 2306.16 °C, a 4.05% increase compared to
the previous year. When CBM is preheated to 400 °C and the injection rate reaches 120
m?/THM, the RAFT increases to 2351.46 °C, marking a 6.09% year-on-year increase.

In conclusion, preheating CBM before its injection into the blast furnace significantly
improves its stability and efficiency. However, preheating incurs certain economic costs,
and from an economic standpoint, the optimal preheating temperature for CBM should be
further investigated.
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3.5. Effect of CBM Usage on Carbon Dioxide Emissions

According to previous research findings, substituting pulverized coal with CBM has
become an effective process for carbon reduction in metallurgical operations. Throughout
the smelting process, each parameter contributes to CO, emissions. Researchers pro-
posed a CO, emission calculation method that aligns with modern production conditions,
incorporating a set of measured emission factors to ensure calculation accuracy [22].

The CO, emissions from the blast furnace process are calculated as the CO, equivalent
at the input end minus the carbon emission allowance discount at the output end. The
calculation results under baseline conditions are presented in Table 11.

Table 11. Calculation model for CO, emissions in the blast furnace process.

Input End Output End
. Equivalent CO, . 0 . Equivalent CO, s
Project Amount/kg Proportion/% Project Amount/kg Proportion/%
K 1093.27 66.63% Molten iron 167.44 10.21%
BFG entering the
M 482.50 29.41% pipeline 315.91 19.25%
network
CBM 0 0.00% Furnace dust 5.87 0.36%
Electricity 64.95 3.96% Process CO, 115150 70.18%
consumption emissions
Sum up 1640.73 100% Sum up 1640.73 100%

Through model calculations and analysis, we examined the impact of CBM injection
volume and preheating temperature on smelting process CO, emissions, as shown in Figure 8.
As room-temperature CBM increases, CO, emissions decrease. For every 20 m®/THM increase
in the CBM injection volume, CO, emissions decrease by approximately 8.85 m3/THM. As
both the preheating temperature and injection volume of CBM increase, the carbon reduction
potential of the process rises significantly. Compared to baseline conditions, when the CBM
injection volume reaches 120 m3/THM at room temperature and a preheating temperature of
1200 °C, CO, emissions are 1098.40 m3/THM and 1025.91 m3/THM, respectively, representing
reductions of approximately 4.61% and 10.91%.
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Figure 8. The impact of CBM injection volume and preheating temperature on CO, emissions in the
smelting process.
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In conclusion, utilizing CBM to replace a portion of pulverized coal and preheating the
injected CBM is a highly effective carbon reduction strategy. This approach offers valuable
insights for introducing hydrogen-rich blast furnaces and developing hydrogen-to-coal
replacement technologies.

4. Conclusions

This research explored the influence of CBM injections on the smelting parameters
of hydrogen-rich blast furnaces under various conditions. The main conclusions are
as follows:

1. A mathematical model for the energy and mass balance of the traditional blast furnace
was developed based on existing process parameters. Subsequently, this model was
updated for hydrogen enrichment and subjected to constraints and iterations accord-
ing to the boundary conditions. This resulted in the hydrogen-rich blast furnace’s
energy and mass balance model.

2. The effects of the CBM injection rate and temperature, coal ratio, and oxygen enrich-
ment rate in the blast furnace were investigated. The replacement ratio of pulverized
coal with CBM at different temperatures was calculated based on the heat loss from
the blast furnace and the gas limits within the furnace belly.

3. The RAFT and T_top were selected as inspection parameters to ensure the stable and
efficient operation of the hydrogen-rich blast furnace. The impact of CBM injection
volume under different preheating conditions was examined. As the CBM’s preheat-
ing temperature increased, the downward trend of the RAFT slowed, and when the
physical heat from the CBM reached a certain threshold, the RAFT increased.

4. As the preheating temperature and injection volume of CBM increased, the process’s
carbon reduction potential rose significantly. Compared to baseline conditions, when
the CBM injection volume reached 120 m®/THM at room temperature, and a pre-
heating temperature of 1200 °C, CO, emissions decreased from 1151.50 m®/THM to
1098.40 m®/THM and 1025.91 m3/THM, respectively.

In conclusion, the mathematical model developed in this research provides valuable
guidance for optimizing the hydrogen-replacing-carbon process in blast furnaces.
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