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Abstract: The blast furnace and basic oxygen furnace (BF-BOF) is still the main process used for
the production of iron and steel in China. With the approach of the “dual carbon” target, the iron
and steel industry needs to transform and upgrade to “green” and “low-carbon” practices. At
present, the low-carbon hydrogen metallurgy technology route based on hydrogen instead of carbon
is mainly adopted at home and abroad, and the domestic route is mainly based on oxygen-rich
BFs and hydrogen-based shaft furnaces (SFs). It promotes the transformation of the traditional
BF to hydrogen-rich, oxygen-rich, and carbon-recycled (Hy-O-CR) technology. A new ironmaking
system and method for a reduction smelting furnace (RSF) with Hy-O-CR is presented in this paper.
The ironmaking system includes nine sets of equipment, such as an RSF, gas dust collector, dryer,
CO;, separator, electrolytic water device, blower, heat exchanger, storage tank of reduction gas, and
chimney. From top to bottom, the RSF includes an indirect reduction zone, a soft melting dripping
zone, and a coke combustion zone. The ironmaking methods include coke and ore mixed charging,
injection of the mixed reduction gas composed of electrolytic green hydrogen and circulating gas
from the furnace gas into the indirect reduction zone, injection of oxygen into the coke combustion
zone, CO, recovery of the furnace top gas, and slag and iron treatment. By redesigning the size of the
furnace type and optimizing the parameters, the metallization rate of the indirect reduction zone can
be as high as 85-95%, and the carbon consumption per ton of hot metal can be greatly reduced. By
using oxygen to recycle the reduction gas produced by its reactor, the process achieves the goal of
reducing CO, emissions by more than 50%, thus realizing green and low-carbon metallurgy.

Keywords: long process; hydrogen metallurgy; oxygen; low carbon; reduction smelting furnace

1. Introduction

Climate change is one of the major global challenges to achieving green development
in the future. China proposed a “dual carbon” strategy during the general debate of the 75th
United Nations General Assembly (China aims to have carbon dioxide (CO,) emissions
peak before 2030 and achieve carbon neutrality before 2060). The “dual carbon” strategy is
the inevitable choice and solemn commitment to build a community with a shared future
for humanity [1]. At the same time, the “dual carbon” strategy will inevitably promote
China's carbon emission reduction to usher in a historic turning point, bringing about
an upgrade and a transformation of energy and related industries so as to achieve the
long-term, healthy, and sustainable development of the national economy.

Edwin Batson, Director General of the World Steel Association, addressed the Global
Low-carbon Metallurgical Innovation Forum and the Eighth Baosteel Annual Academic
Conference and pointed out that steel is a recyclable green material and that the steel
industry is one of the most important basic industries for the country in terms of supporting
the rapid development of the modern world [2]. A total of 75% of the carbon emissions
in the iron and steel industries of China come directly or indirectly from fossil fuels,
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accounting for 15% to 16% of the total national carbon emissions and ranking first outside
the power industry [3]. China's iron and steel industry must rapidly transform in the
direction of green and low-carbon practices. At this stage, the steel production capacity of
the long process (blast furnace and basic oxygen furnace (BF-BOF)) accounts for about 90%,
of which the CO, emissions of BFs account for more than 70% of the total emissions of the
steel process. Compared with the short process, BF ironmaking has greater advantages in
terms of production costs and production efficiency, so it is estimated that BF ironmaking
under the long process should remain the prominent ironmaking method in China for the
short term.

If the long-process ironmaking technology of China does not undergo major techno-
logical reforms in the short term, it will lose its cost-competitiveness in the international
market in the future. Therefore, in order to achieve a smooth transition in the long process,
it is urgent to greatly reduce CO, emissions in the BF. In recent years, with the decreasing
cost of hydrogen production, the application of hydrogen has tended to replace fossil
fuels. Its advantages, such as zero pollution, high energy, and rich sources, position it as
a new strategic energy for the iron and steel industry and also provide a new direction
for development in the industry [4]. Metallurgical workers believe that if hydrogen can
be used as a reducing agent in the BF ironmaking process, the carbon emissions will be
reduced from the root, which will greatly alleviate environmental problems and realize the
transition to green, low-carbon metallurgy [5].

First of all, this paper describes the mechanism of hydrogen metallurgy. Secondly, the
characteristics of typical low-carbon process routes at home and abroad are compared and
analyzed, and the problems existing in the hydrogen metallurgy technology route at present
are clarified. Finally, starting with the key parameters of limited carbon emission reduction
for the traditional BF process, an ironmaking system using the new hydrogen-rich, oxygen-
rich, and carbon-recycled (Hy-O-CR) technology and an ironmaking method are proposed.
Technical upgrading of the furnace type, reduction gas injection from shaft tuyeres, mixed
burden charging, and controlling the ratio of upper and lower gas distribution overcome
the defect of the traditional BF, which prevents the upper metallization rate from increasing
to more than 70%, and achieves a circulation technology of process gas by combining
CO;, removal in top gas and hydrogen-rich gas heating, significantly reducing the use of
fossil fuels in ironmaking production. This technology significantly reduces the amount of
carbon used and CO, emissions, intending to provide a reference for the future of the steel
industry about “dual carbon” development strategies and technology choices.

2. Mechanisms of Hydrogen Metallurgy

For a long time, metallurgical workers have been paying attention to the development
prospects of hydrogen metallurgy. Hydrogen metallurgy technology uses hydrogen instead
of fossil fuels (coal or coke) as the reducing agent in the BF to reduce or even completely
eliminate CO, emissions in the process of iron and steel production from the root. At
present, the consensus is to reduce carbon from carbon metallurgy by transitioning to
hydrogen metallurgy, and two typical carbon reduction paths have been formed, which
are the short-process route of green hydrogen direct reduction with an electric arc furnace
(EAF) and the long-process route of conventional BF hydrogen-rich reconstitution [6].

As an efficient and clean energy source, hydrogen is considered a future alternative to
fossil fuels because of its wider source, high thermal efficiency, and better diffusivity. As a
reductant, hydrogen has proven its unique advantages in kinetics and thermodynamics, and
its reduction efficiency and reduction rate are higher than those of carbon reductants at high
temperatures; thus, hydrogen metallurgy is a green and advanced low-carbon process [7].
As the inevitable product of fossil fuels, CO; cannot be avoided in the traditional BF
ironmaking process; however, the green hydrogen metallurgy process has attracted more
attention because of its environmental protection qualities and zero carbon emissions. The
chemical reaction equations involved in carbon metallurgy and hydrogen metallurgy under
iron oxides are listed in Table 1. From the point of view of the reactants and products of
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the chemical reaction, the carbon metallurgical process based on fossil fuels takes C or CO
as the reducing agent where the product is CO or a mixture of CO and CO;, and carbon
emissions cannot be avoided from the production process. The green hydrogen metallurgy
process uses Hj as a reducing agent to achieve a final product of H,O, which produces
zero pollution and secondary utilization and belongs to the zero carbon emission green
process. According to the Gibbs Free Energy of chemical reactions, the direct reduction of
C in the lower high-temperature zone of the reactor for the carbon metallurgical process
is an endothermic process, and the indirect reduction of CO in the upper zone of the
reactor is an exothermic process, except for the Fe304—FeO step, and the whole indirect
reduction process belongs to a micro exothermic process. In the hydrogen metallurgy
process, except for the Fe,O3—Fe30y step, the whole process of indirect reduction is an
endothermic process.

Table 1. Chemical equations of carbon metallurgy and hydrogen metallurgy processes.

Type Hydrogen Metallurgy Carbon Metallurgy
Reaction H,, AG®, J/molFe CO, AG?, J/molFe C, AG®, J/molFe
Fe;O3—Fe304 —2591 — 1240 T —8688 —6.83 T -
(>570°C) - - ]
FesOy—FeO 23,980 —24.54 T 11,793 — 13.87 T
FeO—Fe 23,430 — 16.16T —22,800 +24.26 T 156,827 — 161952 T
(<570°C) 47,400 — 4053 T ~13,109 +11.44 T -
F€304 —Fe

To sum up, if green hydrogen is used to replace fossil fuels partially or completely as a
BF reducing agent, the problem of reducing or completely eliminating carbon emissions in
the process of iron and steel production can be solved, thus promoting a transformation of
the iron and steel industry to become green and low-carbon [8]. Promoting the development
of hydrogen metallurgy technology cannot only reduce costs, but also be adapted to national
development policy, which is the best choice for the future development of the iron and
steel industry [6]. Although the substitution of hydrogen for carbon inevitably brings an
increase in energy consumption for reduction, there are two ways to solve this problem: the
first is to establish a technique for supplying heat to the reactor from outside or injecting
high-temperature hydrogen, and the second is to establish an oxygen-enriched combustion
technology to steadily supply a large amount of hydrogen-based gas into the reactor and
consider the endothermic characteristics of hydrogen-rich fuel injection pyrolysis. The
above two technologies need to optimize the process parameters in order to maximize the
matching of energy balance and reduction potential.

3. Low-Carbon Routes of the Long Process

At present, the means of achieving a low-carbon transformation in the iron and steel
industries are different across different countries. Europe, the United States, and other
developed countries are developing a new process of hydrogen reduction metallurgy that
is mainly based on the short-process of green hydrogen direct reduction. However, there
are a large number of BFs in China, and so the development of low-carbon metallurgical
technology requires transformation. It is expected that over the next 20 years, the BF
process will become the main process for iron and steel production in China. Iron and steel
enterprises all over the world have formulated a low-carbon technology route of hydrogen
metallurgy, which has accelerated the process of research and development, demonstrated
the application of hydrogen metallurgy, and helped the world achieve the goal of carbon
neutralization [1]. Large iron and steel enterprises in China, such as Baowu Steel Group,
Angang Steel Group, and HBIS Group, have issued low-carbon metallurgical routes [4]
through joint research with domestic universities and other industries in the development
of hydrogen-rich BF processes and gas contained by H; reduction shaft furnace processes.
Zhu [9] reviewed the development history and technological status of green hydrogen direct
reduction [10,11], molten oxide electrolysis [12,13], and the electrodeposition of iron [14-16].
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This paper focuses on domestic and international process innovation technologies for long
processes, with iron as the main product.

3.1. The Low-Carbon Process, at Home and Abroad

In 2008, Japan launched a new process (COURSES0) aimed at carbon neutralization.
This method is an environmentally friendly ironmaking process that reduces CO, emissions
by increasing the proportion of iron ore reduced by hydrogen in the BF [17]. The proportion
of hydrogen is increased by redesigning the size of the BF using hydrogen reduction and
reforming coke oven gas to achieve the goal of a 30% reduction in CO, emissions [18,19].
The test involves a common reduction of carbon and hydrogen, which combines various
processes and is a model process for the transformation of the BF ironmaking process
into an efficient, clean, and low-carbon process. The project is divided into three phases.
At present, the first phase of the test has been completed, and it has proven that the
emission reduction of CO; can be reduced by nearly 10%. The second phase of the Super-
COURSESO project is currently in development. The goal of the third stage is to popularize
the application of the hydrogen reduction BF process before 2050 [20]. A reduction in
the carbon rate of approximately 10% was achieved, as predicted by the mathematical BF
model [21]. Additionally, the reduction rate of CO, emissions was affected by the amount
of hydrogen injected. About 16% of CO, emissions were reduced with a 359 Nm?/tHM of
Hj, injection. [22].

The main objective of the European ULCOS project is to develop feasible, low-carbon
steel production technologies that will reduce CO, emissions by at least 50% [23]. The three
new ironmaking processes in the project are the top gas circulating oxygen blast furnace
(OBF) process, the new smelting reduction process (HIsarna), and the iron ore electrolysis
process (ULCOWIN) [24].

The China Baowu Steel Group has upgraded the BF at its core, and the green raw
materials produced by microwave sintering and new burden technology are added to
the hydrogen-rich carbon cycle BE. CO; is removed from the top gas of the upgraded
BF to form a long, green process with BF-BOF. Experiments on hydrogen-rich carbon
cycle oxygen blast furnaces (named HyCORF™) were carried out at Bayi Steel Plant
(XINJIANG, China) [25-27]. The project finally realized the condition of 100% oxygen
and injected decarbonization gas. At the same time, the industrial experiments of 1473 K
high-temperature gas circulation injection and hydrogen enrichment were carried out, and
the goals of reducing solid fuel consumption by 30% and carbon emissions by more than
20% were achieved.

3.2. Summary

Compared with the low-carbon technologies of the long process at home and abroad,
the majority of iron and steel enterprises across the world reduce carbon emissions by
increasing the proportion of hydrogen reduction in the furnace, such as by increasing
the proportion of natural gas injection, using biomass injection, or even directly using
hydrogen for injection. Two key problems need to be solved to increase the proportion
of hydrogen reduction: The first is to solve the preparation of hydrogen-based gas, and
if it requires injecting hydrogen, it is necessary to upgrade renewable energy to produce
“green hydrogen” or optimize other hydrogen production technologies to reduce the cost of
hydrogen production. The second is to solve the impact of increasing the reduction ratio of
hydrogen on the BF process. Many metallurgical workers have conducted a lot of research
on the reduction process of high-proportion hydrogen injections in the BE. The results show
that other problems will occur in the BF production process when the hydrogen injection
ratio is too high. The effects of different levels of high proportions of hydrogen under
different process conditions are summarized in Table 2.
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Table 2. The effects of hydrogen enrichment.

Reference

Conditions Conclusion

Dou M.H. [28]

In the atmosphere of H,O + CO, and H,O + Np, the rates of the
Boudouard reaction and water gas reaction increase with the increasing
H>O content.

1373 K
0-30% H;

Lan C.C. [29]

With the increasing Hj content, the ore reduction gradually changes from
a high temperature zone to a low temperature zone, and the total amount
of CO, + HpO produced in the high temperature zone also decreases.
However, due to the increasing Hy content, the H,O content increases,
the initial temperature of the coke gasification reaction decreases, and the
gasification rate increases, which shows that there is a coupling effect of
the temperature and atmosphere on the deterioration of coke properties.

1173-1473 K
0-15% H,

Zhao Z. [30]

When the reduction degree of pellets by Hj is 40%, the RSI (reduction
swelling index) is the highest. The RSI of the ore increases with the
1123-1323 K increasing temperature at 1123-1323 K and decreases with the increasing
55-100% Hj proportion of Hj in the atmosphere. Therefore, controlling a reasonable
temperature and increasing the hydrogen ratio are effective ways to
reduce the maximum RSI of pellets.

Mao X. [31]

The average reduction rate of hematite by H; is three and four times
higher than that of CO at 1173 K and 1373 K, respectively. The logarithm
of the average rate is linear with the composition of the gas mixture. The

1023-1373 K carbon deposition reaction mainly occurs below 1173 K. Hydrogen has a

100% Hj significant promoting effect on carbon deposition, and the carbon

deposition rate increases at 1023 K with increasing hydrogen content.
When the volume fraction of hydrogen is 20%, the average carbon
deposition rate is up to 30% higher than that of CO.

Spreitzer D. [32]

In addition to temperature, the size and viscosity of gas molecules are
BF related to their diffusion behavior. The molecular size and viscosity of Hj
are lower than those of CO, so it has better diffusion behavior.

Hydrogen enrichment requires additional coke combustion to

Li]J. [33] BF compensate for the reduced sensible heat of hot air, which generally
improves the energy efficiency of the BF.
After hydrogen enrichment in the BF of vanadium-ilmenite ore, the
position of the cohesive zone moves down, the thickness becomes
Qie Y.N. [34] BF thinner, the melting zone becomes narrower, and the gas permeability

increases. The results show that being hydrogen-rich cannot only reduce
carbon consumption and CO, emissions, but also improves the
distribution of cohesive zones and promotes BF production.

The above pieces of literature are all high-temperature experiments carried out under
laboratory conditions. The results show that there are two main problems in the current
production of high-proportion hydrogen injection: The first is that the reduction process
of hydrogen is an endothermic reaction, and so the additional heat increases energy con-
sumption. The second is that although the reduction product, H,O, is clean energy, it will
aggravate the Boudouard reaction of coke in the lower high-temperature zone, resulting in
a decrease in the high-temperature strength of coke, which may lead to unfavorable furnace
conditions. However, for the BF of vanadium and titanium ore, the start temperature of the
melt and drip increases at 10% hydrogen enrichment. So, the melting temperature range
becomes narrower, the cohesive zone becomes the worst place for gas permeability, the
thickness of which becomes thinner, the position moves down, and the gas permeability
increases, which promotes smooth and high production levels.

To sum up, the BF process has been developed for hundreds of years and is character-
ized by high thermal efficiency, a large capacity scale, and perfect technology. From the
practice of operations at home and abroad, the heat utilization coefficient of the traditional
BF is generally 80-85%, while that of some advanced BFs can be as high as 90%. However,
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the carbon utilization coefficient in the BF is generally 50% to 60%, and the coefficient can
continue to improve. From the point of view of gas utilization efficiency combined with
production, the BF has raised the gas utilization rate to a very high level by combining
the thermodynamics and kinetics of the reduction reaction, which makes it difficult to
further improve it in a short time. The recycling of top gas in the BF is another way to
reduce fossil fuels; that is, the CO, in the top gas is removed and then recycled. However,
the problem of N, accumulation will occur if the N; of the top gas is not removed during
the cycle; therefore, the top gas cycle can only be realized in the OBF. If the OBF is used,
the blast kinetic energy brought by pure oxygen is very small and cannot be injected into
the central area, so the designed OBEF is very difficult to produce on a large scale, and it
will lose the advantage of high output, which is a key problem to be solved. Through
the above analysis, it is known that hydrogen enrichment in the BF is the best scheme to
reduce CO, emissions. After hydrogen enrichment, it is necessary to meet not only the
requirements of thermal energy and reduction potential, but also the needs of coke as a
skeleton support. A new solution needs to be put forward based on these two requirements.
This provides a new theoretical basis and process plan for realizing the limited emission
reduction in ironmaking.

4. Proposal of a New Process for RSF with Hy-O-CR
4.1. The Basis for the Development of a New Process

The HBIS Group, using the most advanced technology, built the first hydrogen metal-
lurgy demonstration project in the world with a scale of 1.2 million tons of direct reducing
iron (DRI) [35]. The technological process is shown in Figure 1. The project focuses on the
low cost of hydrogen production and purification, the reformation of the coke oven gas
(COG), and CO; capture and utilization storage (CCUS) through innovative research and
development of the whole process in order to explore the development path of low-carbon
or even free-carbon emissions in the process of iron and steel production. The project
aimed to adjust the structure of energy consumption, solve the problems of environmental
pollution and carbon emissions in the whole process of iron and steel production, promote
the reform of traditional processes, and contribute new plans to the national “dual carbon”
strategic goal.
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The hydrogen metallurgy demonstration project of the HBIS Group is the first in
the world to use COG reforming to produce hydrogen and high-quality direct reducing
iron, which has gradually changed to hydrogen metallurgy technology. COG is used as a
reducing gas in the first stage of the demonstration project. By combining the advantages
of the local resources in Zhangjiakou, China, the second stage will develop a clean energy
power-generation technology to realize the process of producing “green hydrogen” using
“green electricity”. In the near future, the second stage of the project will use hydrogen
by electrolyzing water, reducing or eliminating the use of fossil fuels, and leading the
development and reform of low-carbon green metallurgy across the world.

Based on the technology of the hydrogen reduction shaft furnace introduced by the
HBIS Group, new equipment and new technological processes are being developed. Com-
bined with the unique advantages of the abundance of renewable energy in Zhangjiakou,
the HBIS Group and Northeastern University independently developed a new reduction
smelting furnace (RSF) process with Hy-O-CR [36]. The production of the hydrogen reduc-
tion shaft furnace is solid DRI, which also needs to be used by an electric arc furnace, while
the RSF product of the new process is liquid molten iron (hot metal). The new process is
more efficient, more resistant to fluctuations, and better matched with subsequent tradi-
tional processes, and it can make full use of the existing equipment to significantly reduce
investment costs.

4.2. Development Ideas for the New RSF Process

Combined with the basic Chinese domestic conditions, it is necessary to carry out
technical innovation of ironmaking processes with high carbon emissions. At present, the
BF process is still the main ironmaking process in China, using reducing agents such as
coke and pulverized coal. Under the constraint of the “dual carbon” goal, the traditional
BF needs to solve the following four problems to adapt to the inevitable low-carbon period.
First, according to many years of research experience into traditional BF, the best direct
reduction degree is 21.5%, under the condition that both reduction carbon consumption
and burning carbon heating are satisfied. In the reduction process of traditional BF, the
mode generally combines direct reduction (30—40%) and indirect reduction (60-70%), which
greatly limits the carbon emission reduction of the BF. From another point of view, the
energy consumption of BF ironmaking technology is close to the limits of thermodynamic
theory, which means it will be difficult to continue to reduce emissions. Second, it is
impossible to carry out a top gas cycle to improve carbon utilization. The traditional BF
uses hot air for injecting, resulting in a large amount of N in the top gas, which will lead
to the problem of N, accumulation if recycled. Third, use of the OBF will also face a lot
of problems, such as the existence of a lower limit of direct reduction, heat in the lower
zone with cold in the upper zone, and insufficient central gas supply due to the kinetic
energy of oxygen becoming smaller [37]. Fourth, the hydrogen metallurgical BF is used to
replace carbon, but there is an upper limit of the ratio of hydrogen. The study shows that it
is feasible to use the hydrogen-rich fuel of BFs. However, its product, H,O, will affect the
high-temperature performance of coke and lead to unfavorable furnace conditions. Thus, it
is not feasible for the traditional BF to achieve a significant reduction in carbon emissions
by enriching hydrogen in high proportions.

Combined with the previous literature, the authors collate the iron ore reduction
process in high-proportion hydrogen-rich atmospheres from aspects of engineering prac-
tice [35], thermodynamic theory, kinetic simulations [38], and related physical experimental
data [39]. Wang X.D. [35] introduced a hydrogen metallurgy process with rich hydrogen
using COG as the gas source. The reduction gas temperature was 1223 K, the volume
fractions of Hy and CO were 60.5% and 7.3%, respectively, and the metallization rate of the
product DRI was 92%. Xu H. [38] found that, according to the mass and energy balance
equations of the gas phase and the solid phase, the variation curves of concentration and
temperature of each substance were obtained using a single-interface unreacted core model.
In this model, the indirect reduction section length of the reactor was 9.75 m, the diameter
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of the furnace was 4.26 m, the pellet radius was 5.5 mm, the reduction gas temperature was
1223 K, and the flow rate of the gas was 5.39 x 10* Nm?3/h, of which H, occupied 52.6% and
CO accounted for 30.0%. The simulation results show that in the indirect reduction section,
iron-containing raw materials can be completely transformed into Fe3O4 at a distance of
0.5 m and into FeO at a distance of 2.0 m. When the indirect reduction height is 9.75 m, the
metallization rate can reach more than 90%. Liu X.C. [39] studied the reduction process of
pellets by high-temperature reduction experiments. The effects of different H, /CO ratios,
temperatures, and atmospheres on direct reduction were obtained. The suitable process
parameters for the production of pellets with different metallization rates were obtained
through high-temperature experiments. The results show that the metallization rate of
the product is more than 92% when the temperature is 1323 K; 30 min is needed in a pure
hydrogen atmosphere, and 50 min is needed in a hydrogen-rich atmosphere (H; = 74%).
The experimental results show that the metallization rate of the product increases gradually
with the increase in the reduction time, reduction temperature, gas flow rate, H, ratio, and
other parameters.

From the above engineering practice and simulation experiments, it can be seen
that the reduction process of iron ore is closely related to the pellet diameter, reduction
section height, temperature, atmosphere and gas flow rate, reduction time, and so on. By
reasonably adjusting the above parameters, the metallization rate can reach 85% to 95%,
in theory.

Following the above discussion, the authors think that, in order to improve the pro-
portion of carbon emission reduction, it is necessary to upgrade the size of the existing
traditional BE. Four kinds of problems existing in the traditional BF are solved by upgrading
the furnace size and the cycle of top gas so as to break through the limits of the proportion
of direct reduction and indirect reduction in the traditional BE. Therefore, a new RSF process
with Hy-O-CR is proposed in this paper. A new furnace type is designed to change the
matching ratio of direct reduction and indirect reduction in the reduction process, reduce
the carbon consumption of hot metal per ton, and improve the utilization coefficient of the
new furnace through the reuse of top gas to achieve carbon recycling, and finally achieve
the goal of reducing CO, emissions by at least 40%. Based on this, a new ironmaking
system and method of RSF with Hy-O-CR are presented in this paper, as shown in Figure 2.
In this system, the two-stage RSF with shaft tuyeres and hearth tuyeres is the core reactor
of the ironmaking system, which can replace the BF reactor in the long process.

The new process evenly mixes ore and coke and then is charged into the RSF from the
top charging devices, and oxygen is injected into the furnace from the lower hearth tuyeres.
The combustion of coke in the furnace forms the bosh gas dominated by CO, which meets
the high-temperature hydrogen-rich reducing gas injected from the shaft tuyeres in the
middle, and the two kinds of gas work together to preheat and reduce the downward
materials. The metallization rate at the bottom of the indirect reduction zone reached
85-95% due to the enhanced reduction of the high proportion of hydrogen. The top gas
produced is treated by dedusting, drying, and CCUS and forms a high reducing potential
gas with CO and Hjy, which can be recycled. The recycled gas is mixed with the green
hydrogen produced by the electrolytic water equipment and heated by the heat exchanger
to form a high-temperature reducing gas of 1123-1273 K, which is then injected into the
RSF from the shaft tuyeres, and the remaining reducing gas is stored and reserved. The
heat source of the heat exchanger comes from the gas combustion separated from the RSF
top gas, and the produced CO; is either discharged directly or decarbonized.

The function of the upper zone of the core equipment in the new process is indirect
reduction, and the function of the lower zone is to burn coke to provide direct reduction heat
and the necessary smelting heat for the formation of liquid slag and hot metal. Therefore,
the core equipment is named the reduction smelting furnace (RSF). The key to the technical
characteristics is hydrogen-rich, oxygen-rich, and carbon-recycled (Hy-O-CR) technology.
The oxygen injection can get rid of the recycling of N, into the top gas, which is more
conducive to carbon cycle and CO, removal. The high reducing potential CO obtained
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from the cycle is used for the reduction of iron ore, which can fully realize the extreme use
of the chemical energy of carbon elements. At the same time, circulating gas is beneficial
to realizing the recycling of hydrogen in the top gas, solving the problem of decreasing
hydrogen utilization caused by a high proportion of rich hydrogen, and providing a
prerequisite for subsequent increases in the hydrogen ratio. As a result, the traditional BF
ironmaking process gradually gets rid of its dependence on fossil fuels.
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Figure 2. The ironmaking system and process flow chart of RSF with Hy-O-CR.

5. Comparative Analysis of Typical Low-Carbon Process Indicators

German scholar Wenzel [40] first put forward the OBF technology in 1975. After years
of in-depth research, ironmaking scholars found that there are two problems of “upper
colder” and “lower hotter” in the actual production of OBFs. On this basis, metallurgical
experts at home and abroad have proposed to improve the process [41]. The Fink pro-
cess [42], full oxygen BF (FOBF) process [43], oxygen-coal-Flux (OCF) process [44], NKK
process [45] and so on use different technologies to solve the above two problems of OBFs.
In addition, Xia Z.X. [46] from the University of Science and Technology Beijing conducted
a CO, reduction potential analysis for four typical working conditions based on the OBF
process, such as traditional BE, OBF, CCU-OBF (oxygen blast furnace with carbon capture
and utilization), CCU-OBF"*¢ (oxygen blast furnace with carbon capture, utilization, and
hydrogen-rich injecting). The study shows that the CO, emission of conventional BFs is
1572 kg /tHM and the CO, emission of OBFs is reduced by 10.7% per ton of hot metal, and
the CO, emission of the CCU-OBF process is 822 kg/tHM, which is reduced by 47.7%. The
article calculates and analyzes the reduction of CO, emissions in the range of 38% to 44%
for the CCU-OBF™¢ process under different hydrogen enrichment conditions, and the
process reduction is attributed to an increase in Hj reduction in the furnace, the reduction
of coke usage, and the use of CO, storage technology. In summary, it can be seen that OBFs
have a greater potential to reduce emissions under hydrogen-rich fuel injection conditions.

According to the principles of mass balance and heat balance, the authors have devel-
oped a mass and energy distribution model of RSFs with the Hy-O-CR ironmaking process,
as shown in Figure 3.
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Figure 3. Material distribution map of new low-carbon ironmaking process.

The process model adopts the method of combining a regional balance with an overall
furnace balance, the indirect reduction reaction of step-by-step reduction of iron oxides
using CO and H; (FepO3—Fe304—FeO—Fe), and the water—gas reaction in the upper
reduction area. The chemical reactions considered in the lower smelting zone include
direct carbon reduction reactions of elements, such as Fe/Si/Mn/P/S in hot metal, coke
combustion reactions, slag formation reactions, and carbonate decomposition reactions.
The model obtains the burden distribution information of the new low-carbon ironmaking
process, which is based on producing 1 ton of hot metal at 1000 °C with CO:H, = 3:7
injection of shaft tuyere, the upper metallization rate of 90% as the boundary conditions,
and the lowest top gas reduction potential (1.22) as the constraints.

The volume of bosh gas needs 1.40 x 10°> Nm3/tHM in the traditional BF process.
In the new process, the volume of the reducing gas injected into the furnace shaft is ap-
proximately 1.0 x 10° Nm?3/tHM, and the bottom hearth tuyeres produce approximately
415 Nm3 /tHM. This gas distribution method not only promotes an increase in the propor-
tion of indirect reduction in the furnace shaft, but it also reduces the heat consumption
of direct reduction in the lower zone. The heat balance calculation is carried out from
the regional (high-temperature zone) balance with the whole furnace balance, respec-
tively, and the feasibility of the process is confirmed. The calculated results are shown in
Tables 3 and 4.
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Table 3. Heat balance data of the whole furnace (energy, MJ/tHM).
Energy Input Energy Proportion, % Energy Output Energy Proportion, %
Carbon oxidation 5717 58.4 Oxide decomposition 7148 73.0
Reducing gas sensible heat 1463 14.9 Desulphurization 10.4 0.11
Hydrogen oxidation 2580 26.3 Carbonate decomposition 72.6 0.74
Methane formation 10.6 0.11 HM sensible heat 1264 12.9
Slag formation heat 27.4 0.28 Slag sensible heat 266 2.71
Top gas sensible heat 435 444
Heat loss 600 6.12
Total energy input 9796 100 Total energy output 9796 100
Table 4. Heat balance data in high-temperature area (energy, MJ/tHM).
Energy Input Energy Proportion, % Energy Output Energy Proportion, %
Combustion heat 1408 50.9 HM sensible heat 1264 45.7
Coke sensible heat 356 12.9 Slag sensible heat 266 9.6
Ore sensible heat 1000 36.2 Direct reduction 390 14.1
Bosh gas sensible heat 444 16.1
Heat loss 400 14.5
Total energy input 2764 100 Total energy output 2764 100

It can be seen that the heat balance of the whole furnace and the high-temperature zone
can meet process requirements when the metallization rate in the lower zone reaches 90%
from Tables 3 and 4. From the point of view of the heat balance of the whole furnace, the heat
of carbon oxidation, the heat of reducing gas, and the heat of hydrogen oxidation account
for 58.4%, 14.9%, and 26.3% of the total heat income of the whole furnace, respectively.
The heat surplus (sensible heat and heat loss of the top gas) of the whole furnace is
1035 MJ /tHM, accounting for 10.6%. Compared with the heat surplus of the traditional
BF, 7% to 10%, the actual operation of the new process has a certain feasibility. It can be
seen from Table 4 that the heat consumption of the direct reduction in high-temperature
zones is 390 MJ /tHM. Compared with the lower direct reduction heat consumption of the
traditional BF, 904 MJ/tHM (when the direct reduction degree is 0.40), the reduction is as
high as 57.8%, which is the main reason for saving fuels in this process and is closely related
to the design idea of reducing the lower direct reduction heat consumption. Compared
with the heat surplus of 35% to 40% in the high-temperature zone of the traditional BE, the
heat surplus (gas output and heat loss) of the high-temperature RSF is 844 M] /tHM, which
accounts for 30.6%. The heat surplus still meets the heat needs for the smelting of slag and
hot metal and direct reduction heat consumption. Although the heat generated by the bosh
gas in this process is less than that of the traditional BF, the heat produced by injecting
high-temperature gas into the furnace shaft makes up for the lack of heat. It can be seen
that the actual operation is feasible.

In order to more intuitively reflect the difference between the existing two-stage
oxygen-injection BF process and the top gas cycle, the authors make a comparative analysis
with the relevant process flow distribution diagram [46]. By comparison, it can be found
that it heats the reducing gas, removing CO, to the temperature of 1173 K in the OBF process
of reference [46], and injects it from the shaft tuyeres and hearth tuyeres, respectively. The
gas injection volumes for producing 1 ton of hot metal are 360 Nm?® (shaft tuyeres) and
261 Nm? (hearth tuyeres), respectively, and the mass of fuel includes 306 kg/tHM of coke,
160 kg /tHM of pulverized coal (PC), and 50 Nm?/tHM of natural gas (NG). The proportion
of H, in the furnace shaft is 17.3%. It is calculated that the metallization rate at the furnace
shaft is between 70% and 80%. Compared with the new low-carbon process proposed
in this paper, 307 kg/tHM of coke and 1008 Nm?3/tHM of reducing gas with 70% H, are
injected from the furnace shaft tuyere, and the proportion of H after injection into the
furnace at the furnace shaft is 50.5% (much higher than 17.3%) when it is mixed with the
lower CO gas. The metallization rate of the ore in the furnace shaft is increased to 90%,
which reduces the heat required for direct reduction in the high-temperature zone. The
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heat in the high-temperature zone only needs to meet the smelting heat of slag and hot
metal iron and the heat consumed by direct reduction, which is 10% lower than that of
the OBE.

The results of this model were used to compare and analyze the CO, emissions per ton
of steel for the whole process under six typical processes, as shown in Figure 4, and the CO,
emissions per ton of steel of the sub-processes corresponding to six typical processes are
shown in Table 5. The six processes are as follows: BF-BOF, SR (smelting reduction)-BOF,
CHORSF-BOF-1, CHORSF-BOF-2 (CCS technology has been added), DRI-EAF, and the
short-process of SCRAP-EAF.

1800 - . .
/? = Coking n Sintering = Pellets 7. BF
1600 / -
% ~DRI =SR IICHORSF1 = CHORSF2
1400 / m BOF ' EAF
1200 % —
1000 % — %
800 % —
600 / —
400 e— e |;|;|;|;\
I i
0 o | I : 1 : 1 : 1 : I
BF-BOF SR-BOF CHORSF-BOF-1 CHORSF-BOF-2  DRI-EAF SCRAP-EAF

Figure 4. CO, emission analysis of six typical processes.

Table 5. CO, emission values of sub-processes under six typical processes (kg/ts).

CHORSF- CHORSF- SCRAP-

Processes BE-BOF SR-BOF BOF-1 BOF-2 DRI-EAF EAF
Coking 181 68.1 148 148 - -
Sintering 277 - 194 194 - -
Pellets 325 212.2 44.6 44.6 201 -
BF 1340 - - - - -
DRI - - - - 414 -
SR(COREX) - 925.2 - - - -
CHORSF1 - - 460 - - -
CHORSF2 - - 172 172 - -
BOF 15.4 15.4 154 15.4 - -

EAF - - - - 415 415

Total 1846 1221 1034 574 1030 415

From Figure 4 and Table 5, it can be seen that the mass values of CO, emissions
are 1846 kg/ts, 1221 kg/ts, 1034 kg/ts, 574 kg/ts, 1030 kg/ts, and 415 kg/ts for the six
processes. From the above data, it can be seen that the CO, emissions per ton of steel of the
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new low-carbon process of RSFs are comparable to the short process of DRI-EAF because
both processes indirectly reduce ore to more than 90%, breaking the bottleneck of the upper
limit of indirect reduction in the traditional BE. If the CO, removed by the new process is
reused as a raw material for chemical products, an integrated steel and chemical process
will be formed, and the CO, emissions per ton of steel corresponding to the process will be
reduced to 574 kg/ts, or even lower. Compared to the long process, the CO, emissions per
ton of steel of the new process correspond to a reduction of between 44% and 69%.

6. Conclusions

Under the “dual carbon” strategy, green and low-carbon development has become the
core proposal for the transformation and development of the iron and steel industries. The
long process of iron and steel production in China is still dominated by BF-BOF. The authors
systematically combed the existing low-carbon metallurgical routes, at home and abroad,
and learned that hydrogen metallurgy has become the mainstream low-carbon ironmaking
technology. The route of replacing carbon with hydrogen is studied systematically, and the
following conclusions are obtained:

e  The authors compare the difference between hydrogen metallurgy and carbon metal-
lurgy in terms of thermodynamics and point out that replacing carbon with hydrogen
will inevitably increase reduction energy consumption and protect the environment.
Two technologies should be used to optimize the matching of thermal energy and
reduction potential. These are heating the reactor from the outside (injecting high-
temperature hydrogen) and steadily supplying a large amount of hydrogen gas into
the reactor.

e  The BF-BOF long process is the main process of steel production in China. The authors
think that the BF process should be mainly used until 2050 before reaching “carbon
neutrality”. The authors evaluated the hydrogen-rich BF process in Japan, Europe,
and China and think that promoting a transformation from the traditional BF to a
hydrogen-rich BF is the most feasible method at present. However, the existing lower-
zone injection process has certain restrictions on the proportion of hydrogen-rich
processes, and the emission reduction of CO; per ton of hot metal is less than 30%. If
we want to achieve substantial emission reduction, we still need to change our concept
and develop disruptive, innovative technologies.

e  Starting with the key parameters and the limits of traditional BF emission reduction,
the authors put forward an ironmaking system and an ironmaking method of RSF
with Hy-O-CR. Technical upgrades such as furnace size redesign, furnace shaft gas
injection, mixed charging methods, and reasonable control of the gas distribution ratio
between the upper and lower zones broke the defect that the upper metallization rate
of the traditional BF cannot be raised to more than 70%. Circulation technology for
self-gas is realized by combining the top gas removal of CO, with the hydrogen-rich
gas of heating. Compared with the long process, the target of a 44-69% reduction in
CO; emissions per ton steel can be achieved, which provides a new means of realizing
green low-carbon metallurgy.

The idea of low-carbon ironmaking involved in this study is based on a high proportion
of rich hydrogen. The new process will inevitably bring new challenges, such as the
evolution of the material bed and structure, the melting and dripping behavior of iron
ore under high metallization rates, and the matching restriction of physical energy and
chemical energy in each functional area of the new RSF reactor, which is essentially different
from the traditional BE. At the same time, it is also faced with the mutual matching between
the hydrogen-rich devices outside the furnace and the gas circulation devices on the top
gas in the RSF. These problems still need to be deeply analyzed from the perspectives of
the unit phenomenon, reactor parameter optimization, and process equipment capacity
matching in the later stage so as to realize the application of industrialization.
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