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PROSPECTS FOR THE USE OF HYDROGEN

AND HYDROGEN-CONTAINING ADDITIVES TO REDUCE CO,
EMISSIONS AND TO IMPROVE THE PERFORMANCE

OF BLAST FURNACE SMELTING

Introduction. Global warming is currently one of the most important problems of humanity, the dominant cause
of which is the anthropogenic factor, particularly, a significant increase in greenhouse gases. Given the extremely
negative consequences of this process in the future, in 2015, 195 countries, including Ukraine, ratified the Paris
Climate Agreement that obliges them to reduce CO, emissions, in particular in the steel industry, where carbon
pollution is extremely high: 6% globally and 26% in Ukraine, as of the beginning of 2022.

Problem Statement. According to the International Energy Agency, blast furnace production will be the domi-
nant steelmaking process by 2050, with a thermal efficiency of over 90%. The introduction of new steelmaking
technologies may lead to a 50% reduction in conventional steelmaking by 2050, but requires significant investments.

Purpose. 1o study the effect of using hydrogen-containing fuel in a blast furnace on carbon dioxide emissions
and the technical and economic indicators of blast furnace smelting.

Materials and Methods. To assess the potential of using hydrogen and hydrogen-containing fuels in a blast
Jurnace for reducing CO, emissions and the technical and economic indicators of blast furnace smelting, we have
used the mathematical model of the complete energy balance of blast furnace smelting, as developed at the Insti-
tute of Ferrous Metallurgy of the National Academy of Sciences of Ukraine.

Results. We have analyzed and established the regularities of the effect of hydrogen and hydrogen-containing
Juel additives on CO, emissions and the blast furnace performance indicators, such as iron production, coke con-
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sumption, and secondary energy resources. The critical consumption of fuel additives, at which full iron recovery is expected to
be achieved by an indirect method, has been determined. The coefficient of coke replacement by coke oven gas and hydrogen has

been found.

Conclusions. The efficiency of using hydrogen and hydrogen-containing fuels separately and in combination with pulverized
coal has been proven. It is a promising way to select the rational blast furnace operating conditions in terms of environmental

(CO, emissions reduction) and economic feasibility.

Keywords: ecology, blast furnace, CO, emissions, hydrogen, coke gas, natural gas, coke.

The main greenhouse gases entering the atmos-
phere are water vapor and carbon dioxide. Howe-
ver, unlike carbon dioxide, water vaporis anatural
greenhouse gas that maintains the planet’s water
cycle. Fossil fuels, deforestation, and certain in-
dustrial processes contribute significantly to in-
creasing atmospheric carbon dioxide concent-
rations through chemical transformations. This
substantial rise in atmospheric carbon dioxide
levels leads to the greenhouse effect, resulting in
global temperature increases that can negatively
impact both human populations and the planet’s
ecosystems as a whole [1, 2].

In response to global warming and its antici-
pated adverse effects, 195 countries and the Euro-
pean Union ratified the Paris Climate Agreement
in 2015. This agreement obliges signatories to
reduce carbon dioxide emissions, including those
from the metallurgy sector, where emission levels
are notably high [3].

Ukraine was one of the first European coun-
tries to ratify the Paris Agreement. This decision
was driven by significant climate changes within
its territory, which pose increased risks to human
health and life, natural ecosystems, and various
economic sectors. Additionally, the ratification
aims to ensure Ukraine’s national, ecological,
economic, and energy security. In January 2020,
Ukraine introduced the Concept of Green En-
ergy Transition, which aims to achieve carbon
neutrality in its economy by 2070 [4]. The struc-
ture of emissions in Ukraine differs from the rest
of the world, as globally, metallurgy produces
6% of CO, emissions, while in Ukraine, its share
reaches 26% [5, 6]. Accordingly, the role of steel-
making in the decarbonization of the Ukrainian
economy is significantly over the world average.
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However, there is no government program to re-
duce CO, emissions in Ukraine’s metallurgy.

According to forecasts by the International
Energy Agency (IEA), blast furnace production
will remain the dominant method for steel pro-
duction until 2050 due to its economic profitabili-
ty, with thermal efficiency reaching up to 90% or
more. Compared to other iron production tech-
nologies, blast furnaces offer more flexible and
dynamic processing of ores of varying quality. In
terms of productivity, blast furnaces significantly
outperform other technologies. Consequently,
blast furnace converter technologies account for
the majority (60—70%) of global steel production.

The active implementation of new steel pro-
duction technologies is expected to begin only
after 2030, potentially reducing the reliance on
conventional steel production methods by 50%,
by 2050. However, achieving this shift requires
significant investments, amounting to tens of bil-
lions of dollars, in the development and deploy-
ment of these new technologies.

One of the most effective methods for reducing
carbon dioxide emissions from blast furnaces is
the use of fuel additives where part or all of the
carbon is replaced by hydrogen. These fuel addi-
tives include natural gas, coke gas, and hydrogen
itself [7, 8].

Since natural gas has been the primary fuel ad-
ditive in Ukraine for a long time, its influence on
technical and economic indicators has been well
studied [9]. However, these studies have paid
little attention to its impact on environmental
indicators, particularly carbon dioxide emissions
from blast furnaces. It should be noted that the
use of natural gas in cast iron production is limi-
ted by its cost.
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Industrial research on the use of coke oven gas
was conducted at many blast furnaces from the
late 1950s to the late 1990s. These studies repor-
ted coke replacement coefficients with coke gas
ranging from 0.36 to 0.62 kg/m? [9—16]. At that
time, reducing coke consumption was prioritized
over decarbonizing the metallurgical industry, re-
sulting in a lack of studies on CO, emissions dur-
ing coke gas injection. Currently, many foreign
researchers have been focusing on coke gas, in-
cluding its reforming and injection into the blast
furnace shaft. However, the technology for using
coke gas has not yet become widespread [7].

The use of coke gas that contains 55—60% hyd-
rogen can be a transitional stage for the abandon-
ment of carbon-containing fuel additives and the
use of hydrogen in the blast furnace.

Recently, the priority direction of research
aimed at reducing CO, emissions from blast fur-
naces is the use of hydrogen technologies, namely,
hydrogen injection into the blast furnace hearth.
Practical studies have been conducted only by
ThysenKrupp at BF No. 9, in Duisburg, in No-
vember 2019, during which the technical possi-
bility of hydrogen injection into the blast furnace
has been demonstrated [17]. Also, an experimen-
tal blast furnace having a volume of 12 m® has
been created in Japan for the study of hydrogen
blowing. It has been established that with a hyd-
rogen consumption of 277 m?/t of cast iron, CO,
emissions decrease by 12% [18]. However, most
of the studies have been of analytical nature. At
the same time, the results obtained by numerical
methods are contradictory: according to some
studies, the coeflicient of replacement of coke by
hydrogen is 0.06 kg/m? [19], while according to
others, it amounts to 0.15 kg/m? [20], or 0.27—
0.36 kg /m? [21].

Considering the above, studying the effect of the
use of hydrogen-containing fuel in the blast furnace
on the emission of carbon dioxide and the tech-
nical and economic indicators is a relevant task.

To assess the potential of using hydrogen and
the influence of hydrogen-containing fuel addi-
tives in a blast furnace on carbon dioxide emis-
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sions and the technical and economic indicators
of blast furnace smelting, we have made calcula-
tions using the method developed at the Institute
of Ferrous Metallurgy named after Z. Nerasov of
the NAS of Ukraine of the mathematical model
of the complete energy balance of blast furnace
melting [22—24].

The method of total energy balance is based on
the three laws of thermodynamics and is appli-
cable for analyzing any process. This technique is
termed “total energy balance” because it accounts
for all types of energy, including the chemical
energy of fuel, raw materials, and materials in
the input, as well as products and process waste
in the output. The total energy balance method
enables the assessment of energy efficiency and
the identification of ways to reduce the energy
intensity of products.

The total energy balance in relation to blast
furnace production includes the general calcu-
lation and consideration of material, heat, and
exergy balances. The material balance is calcula-
ted by V.P. Izhevsky’s technique, the thermal one
is determined by I.D. Semikin’s thermal energy
model, the exergy balance is based on researchers
by A.V. Borodulin and V.S. Stepanov.

The influence of hydrogen and hydrogen-con-
taining fuel additives (such as natural gas and
coke gas) on CO, emissions and the technical and
economic indicators of blast furnace operation
has been analyzed in a wide range of flow rate va-
riations:

o natural gas: from 0 to 200 m?3/t cast iron;
« coke gas: from 0 to 300 m?/t cast iron;
¢ hydrogen: from 0 to 600 m?/t cast iron.

The following chemical composition of fuel ad-
ditives has been used for the calculations (Table 1).

All calculations for the use of fuel additives
have been made at a constant theoretical tempe-
rature of combustion in the hearth (hereinafter
referred to as the theoretical temperature), under
variations of the theoretical temperature in the
range of 1800—2200 °C, maintained by increasing
the moisture (to reduce the temperature) and
the oxygen (to increase it) content in the blast
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Table 1. The Properties of Hydrogen-Containing Fuel

Content, % wt. H.S, Combustion | Density,
Fuel 2 3 5
H, CH, CO Co, N, | Heavy hydrocarbons 0, g/m heat, MJ/m g/m
Natural gas 0.0 92.6 0.0 (0.1-0.2| 14 5.8-5.9 0.0 0.0 37.7 0.78
Coke gas 55—60120—-30| 5—7 2—3 4 2—3 0.4—0.8 {0.12—0.5 15—19 0.4—0.5
Hydrogen 100 0.0 0.0 0.0 0.0 0.0 0.0 0.0 10.7 0.09

furnace (Figs. 1—2). The calculated influence of
the change in the theoretical temperature on the
consumption of various fuel additives is shown in
Table 2.

Thus, it has been established that an increase in
the hydrogen consumption per every 10 m®/t cast
iron has the least effect on reducing the theore-
tical temperature (by 12 °C per 10 m?/t cast iron),
while that in the natural gas consumption has the
greatest effect (by 39 °C per 10 m?/t cast iron).

The basic period of the blast furnace operati-
on for the analysis of the influence of various fac-
tors on carbon dioxide emissions and the tech-
nical, economic, and exergetic indicators, as well
as the values of these parameters at the maxi-
mum consumption of fuel additives are given in
Table 3.

1. The influence of hydrogen and hydrogen-
containing fuel additives on the blast furnace
productivity. Keeping the theoretical tempera-
ture at a constant level, it is possible to achieve
the most significant increase in blast furnace pro-
ductivity with the use of hydrogen, while coke
gas gives the smallest effect. This is explained by

Table 2. Theoretical Temperature Variations Depending
on Varying Fuel Additives Consumption

Change in the theoretical
temperature depending on an increase
in the fuel additive consumption, °C

Fuel consumption
variation

Natural gas | Coke gas | Hydrogen
By 1 thousand m?/h 27 14 7
Per 10 m?/t cast iron 39 22 12
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more oxygen to be blown into the blast furnace
for maintaining the theoretical temperature. An
increase in the flow of hydrogen for blowing into
the blast furnace from 0 to 585 m?3/t cast iron leads
to a growth in the productivity by 145% (from
4000 to ~9800 t cast iron/day). An increase in
the natural gas flow from 0 to 200 m®/t cast iron
allows raising the productivity by 117% (from
~4000 to ~8700 t cast iron/day). Increasing the
consumption of coke gas from 0 to 300 m?3/t cast
iron results in a 89% growth in the productivity
(from ~4000 to ~7550 t cast iron/day) (Fig. 3).

At the same time, at variable theoretical tem-
perature, an increase in the consumption of hyd-
rogen and hydrogen-containing additives has a
much smaller effect on the blast furnace produc-
tivity. Increasing the flow rate of hydrogen for
blowing into the blast furnace from 0 to 600 m?/t
cast iron leads to an increase in the productivity
by 48% (from ~4000 to ~5900 t cast iron/day).
Increasing the consumption of natural gas from 0
to 200 m?/t cast iron enables raising the producti-
vity by 30% (from ~4000 to ~5200 t cast iron/day).
Increasing the consumption of coke gas from 0 to
300 m®/t cast iron leads to a 14% increase in the
productivity (from ~4000 to ~4550 t cast iron/day).

Such a feature in increasing the productivity
of the blast furnace is associated with a signifi-
cant difference in the technical oxygen content
in the blast furnace (to vary the total oxygen
content in the blast furnace), which is necessa-
ry to keep the theoretical temperature at the re-
quired level.

Thus, increasing the fuel additive consumption
per every 10 m®/t cast iron at a constant/variable

ISSN 2409-9066. Sci. innov. 2024. 20 (5)
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Table 3. Estimated CO, Emissions and the Technical and Economic Indicators

of Blast Furnace Smelting Depending on Various Fuels

theor = ITIVAT on the consumption of natural gas, coke gas, and hydrogen

Fuel

Parameter Basic | Natural gas Coke gas Hydrogen
Consumption of hydrogen-containing fuel additive, m®/t cast iron 200 | 200 | 300 | 300 | 585 | 600
Theoretical temperature of combustion in hearth, °C 2172 | 2100 | 1802 | 2100 | 1800 | 2100 | 1800
Productivity, cast iron t per 1 day 4694 | 8738 | 5213 | 7539 | 4551 | 9800 | 5919
Total consumption of coke and coke nut, kg/t cast iron 352 | 355 | 340 | 394 | 379 | 401 | 378
Pulverized coke fuel consumption in the base period, kg/t cast iron | 153 — — — — — —
Gas consumption in the base period, m?/t cast iron 25.6 — — — —
Blow consumption, m?/min 4011 | 4011 | 4011 | 4011 | 4011 | 4011 | 4011
Blow temperature, °C 1112 | 1112 | 1112 | 1112 | 1112 | 1112 | 1112
Oxygen content in blow, % 257 | 53.2 | 30.0 | 41.5 | 236 | 49.2 | 271
Fe content in charge, % 56.70 | 56.70 | 56.70 | 56.70 | 56.70 | 56.70 | 56.70
Basicity of slag CaO/SiO, 110 | 1.10 | 1.10 | 1.10 | 1.10 | 1.10 | 1.10
Basicity of slag (CaO + Mg0)/SiO, 127 | 1.27 | 127 | 127 | 127 | 127 | 1.27
SER output, kg conventional fuel /t cast iron 82 144 | 125 | 137 | 116 | 152 | 154
f]?lsrtIll;nCaet,elilgStC)czaesltnilis)lI(l)n given CO after burning outside blast 1439 | 1348 | 1313 | 1350 | 1318 | 1093 | 1033
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Fig. 2. Oxygen and moisture content in blow depending on the use of natural gas, coke gas, and hydrogen at constant (—m—,

~2100 °C) and at variable theoretical temperature of combustion (

theoretical temperature makes it possible to in-
crease the productivity of the blast furnace by
2.5%/0.8% (hydrogen), by 5.9%/1.5% (natural
gas), and by 3.0%,/0.5% (coke gas).

2. The influence of hydrogen and hydrogen-
containing fuel additives on the coke consump-
tion in blast furnace. The use of any fuel addi-
tive allows reducing coke consumption in blast

40

, 1800—2200°C)

furnace. According to the research results, it has
been established that the use of hydrogen or hyd-
rogen-containing fuel additives in the specified
ranges enables reducing the coke consumption
from 530 kg/t cast iron to 400 kg/t cast iron and
more (Fig. 4).

The use of natural gas in the blast furnace allows
reducing the consumption of coke by 1.7%/1.8%

ISSN 2409-9066. Sci. innov. 2024. 20 (5)
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per every 10 m?/t cast iron, in the case of using
natural gas at a constant/variable theoretical
combustion temperature. This is equivalent to re-
ducing the coke consumption by 0.88 kg/0, 93 kg
for every 1 m® natural gas consumption. This ra-
tio of coke replacement by natural gas is consis-
tent with the known ones used in production [9].

The use of coke gas in blast furnace allows re-
ducing the coke consumption by 0.87%,/0.92%
per every 10 m® coke gas/ton cast iron, which
is equivalent to reducing coke consumption by
0.46 kg/m?3/0.49 kg/m? coke gas, at a constant/
variable theoretical temperature. The coeflicient
of coke replacement by coke gas when injected
into blast furnace has been analytically deter-
mined. It differs from the known ones and varies
in the range of 0.46—0.49 kg/m?.

The use of hydrogen in blast furnace allows
reducing the coke consumption by 0.48%,/0.46%
perevery 10 m? H,/t cast iron, which is equivalent
to reducing the coke consumption by 0.25 kg/m3/

42

(—m—) and variable theoretical temperature ( )

0.22 kg/m?® hydrogen, at constant /variable theo-
retical combustion temperature. The coeflicient
of coke replacement by hydrogen in blast furnace
has been analytically determined to vary within
0.22—0.25 kg/m®.

The obtained results allow us to conclude that
increasing the use of fuel additives (hydrogen, na-
tural and coke gases) per every 10 m?/t cast iron at
a constant/variable theoretical temperature crea-
tes conditions for reducing the coke consumption
in blast furnace, respectively, by 0.48% /0.46%; by
1.7%,/1.8%, and by 0.87%/0.92%.

3. The influence of hydrogen and hydrogen-
containing fuel additives on the direct reduc-
tion of iron in blast furnace. The use of hydrogen
and hydrogen-containing fuel additives makes it
possible to increase the iron reduction in an in-
direct way, which leads to a decrease in the di-
rect reduction of iron in furnace, as a result of
the increasing share of mine gases in the compo-
sition [9].
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At a small consumption of fuel additives (nat-
ural gas up to ~50 m®/t cast iron, coke gas up
to 100/50 m?3/t cast iron, and hydrogen up to
150/100 m?3/t cast iron), at a constant/variable
theoretical temperature, the direct reduction of
iron in furnace (7,) remains unchanged or tends
to increase, probably, because of a significant mois-
ture content in the blow (Fig. 5).

After reaching the extremum, the direct reduc-
tion of iron in the furnace (r,) decreases for all
types of fuel both at constant and variable theo-
retical temperature.

Increasing the consumption of natural gas
from 50 to 200 m3/t cast iron leads to a decrease
in the direct reduction of iron in furnace from
39.3/40.2% to 7.4/9.5% at a constant/variable
theoretical temperature.

Increasing the consumption of coke gas from
100/50 m?/t cast iron to 300 m3/t cast iron leads
to a decrease in the direct reduction of iron in
furnace from 38.6%/43.7% to 13.5%,/15.3%, at a
constant/ variable theoretical temperature.

Increasing the hydrogen consumption from
150/100 m3/t cast iron to 585/600 m?/t cast iron
leads to a decrease in the direct reduction of iron
in furnace from 34.3%/42.0% to 0.1%/2.0%, at a
constant/variable theoretical temperature. At a
hydrogen consumption of 585/600 m?/t cast iron,
at a constant/variable theoretical temperature,
the value of 7, is close to zero. This may indicate
the achievement of conditions under which the
share of indirect reduction of iron reaches about
100%. In 1872, L. Gruner first proposed what
later became known as the Gruner principle. It
posits that iron ore in blast furnaces should be re-
duced, as much as possible, by carbon monoxide
converting to CO,, without consuming solid car-
bon. Gruner referred to this principle as “the ideal
course” of blast furnace operation. When this me-
thod is applied, the reactions are simplified: car-
bon monoxide formed near the lances reduces the
ore, transforms into CO, that then exits the fur-
nace without reacting with solid carbon. In this
scenario, all the carbon introduced into the fur-
nace, upon reaching the horizon of the lances, is

ISSN 2409-9066. Sci. innov. 2024. 20 (5)

converted into CO by the action of air. Therefore,
according to the Gruner principle, with a given
hydrogen consumption, full reduction of iron can
be achieved indirectly, resulting in minimal fuel
consumption [25].

That is, increasing the fuel additive content
in the blow composition at a constant/variable
theoretical temperature leads to a decrease in
the direct reduction of iron in blast furnace by
0.79%,/0.80% (hydrogen), by 2.12%/2.05% (na-
tural gas) and by 1.26%/1.14% (coke gas) per eve-
ry 10 m® additive/t cast iron.

4. The influence of hydrogen and hydrogen-
containing fuel additives on the output of secon-
dary energy resources from blast furnace. One of
the important parameter, which characterizes the
environmental friendliness of blast furnace smel-
ting and the prospects of obtaining additional
energy effect from heating is the output of secon-
dary energy resources (SER). The output of SER
is the difference between the specific indicators
of the energy carried by the furnace gas and the
energy consumption for blow heating, compres-
sion, and enrichment with oxygen in the equiva-
lent of conventional fuel consumption.

It has been established that the output of secon-
dary energy resources has an extremum at the
following consumption rates: ~50 m®/t cast iron
(natural gas), ~100,/50 m?/t cast iron (coke gas),
and ~150/100 m3/t cast iron (hydrogen), at a
constant/variable theoretical temperature. Un-
til reaching the extremum, the SER output from
the blast furnace increases or remains unchanged,
which, similarly, as in the case of the iron reduc-
tion, is associated with a significant moisture
content in the blow (Fig. 6).

As follows from the analysis of the curves in
Fig. 6, as the consumption of natural gas increases
from 50 m?/t cast iron to 200 m?3/t cast iron, the
output of secondary energy resources grows from
70 kg c. f./t cast iron up to 145/125 kg c. f./t cast
iron. As the consumption of coke gas increases
from 100,/50 m?/t cast iron to 300 m?/t cast iron,
the output of SER grows from 75/67 kg c.f./t cast
iron up to 137/116 kg c. f./t cast iron. As the hyd-
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rogen consumption increases from 150,/100 m3/t
cast iron to 585/600 m?/t cast iron, the output of
SER grows from 84,/72 kg c.f./t cast iron up to
169/154 kg c. f./t cast iron at a constant/variable
theoretical temperature.

The output of secondary energy resources at
constant/variable theoretical temperature may
increase by 2.33%/2.28% per every 10 m?/t cast
iron (in the case of hydrogen as fuel additive);
that, in the case of using natural and coke gases
as fuel additives, may grow by 7,1%/5.2% and
4.1%/4.9%, respectively.

Therefore, the use of hydrogen and hydro-
gen-containing fuel additives allows raising the
output of secondary energy resources that be
used in other plants of the metallurgical enter-
prise or at thermal power plants for electricity
generation.

5. The influence of hydrogen and hydrogen-
containing fuel additives on the estimated out-
put of CO,, given CO afterburning outside the

44

140 F
130 -
120
110
100 -
90

80 'F\-\
70 l— '
60 ]

0 50

100 150 200 250 300
Coke gas consumption, m?/t

Fig. 6. Influence of the consumption of natural gas, coke
gas, and hydrogen on the output of secondary energy re-
sources from blast furnace at constant (—#—) and variable
theoretical temperature ( )

blast furnace. The estimated output of CO,, gi-
ven CO afterburning outside the blast furnace, is
the main parameter that characterizes the envi-
ronmental friendliness of blast furnace smelting.
This is because of the fact that the afterburning
of CO to CO, takes place directly in the process
units of the plant (for example, in the air heaters
for heating the blast), at thermal power plant,
or in torches. Ultimately, CO enters the atmo-
sphere as CO,.

When the fuel additive consumption ranges
within 0—200 m?3/t cast iron (that is, in the range
where the SER output and the direct iron reduc-
tion reach their extrema), there is reported a
more intense decrease in the estimated output of
CO,. This is probably because of the use of addi-
tional moisture before blowing to keep the theo-
retical temperature. The analysis of the obtained
results has shown that an increase in the mois-
ture content in the blow per every 10 g/m? leads
to a growth in the output of CO, by ~2.8—3.2%,
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given the afterburning of CO outside the blast
furnace (Fig. 7).

Increasing the consumption of natural gas from
50 m3/t cast iron to 200 m?/t cast iron allows redu-
cing carbon dioxide emissions by 5.6%,7.7% (from
1430/1420 kg/t cast iron to 1350/1310 kg/t
cast iron). Increasing the consumption of coke
gas from 100/50 m?/t cast iron to 300 m?/t cast
iron results in a decrease in the emissions by
4.3%/8.6% (from 1410/1440 kg/t cast iron to
1350,/1320 kg/t cast iron). Increasing the con-
sumption of hydrogen from 150/100 m?/t cast
iron to 585/600 m?/t cast iron leads to a drop in
the emissions by 21.3%,/25.9% (from 1385 kg/t
cast iron to 1090,/1030 kg/t cast iron), at a con-
stant/variable theoretical temperature.

The estimate of the effect of increasing the
amount of fuel additive in the blast furnace at cons-
tant/variable theoretical temperature on the re-
duction of carbon dioxide emissions from the blast
furnace has shown that as the hydrogen consump-
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600  at constant (—m—) and variable theoretical tempera-

ture of combustion ( )

tion increases by 10 m*/t cast iron, the CO, emis-
sions are expected to decrease by 0.37%,/0.51%; in
the case of a similar increase in the consumption
of natural and coke gases, the emissions drop by
0.22%/0.34% and by 0.49%,/0.52%, respectively.

The obtained results have indicated the pros-
pects for using hydrogen and hydrogen-contai-
ning fuel additives in the blast furnace to reduce
carbon dioxide emissions.

6. The influence of hydrogen-containing additi-
ves on the degree of hydrogen use in the blast fur-
nace. It should be noted that the use of hydrogen
and hydrogen-containing fuel additives in blast
furnace has been understudied in practice. In
particular, the effect of increasing the hydrogen
content in the hearth on the indirect iron reduc-
tion requires deeper and more thorough research
[19—21].

The authors of most studies choose the degree
of use of H, in blast furnace close to that of CO.
The same assumption has been used in our study.
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However, with this approach, one cannot be sure
of obtaining reliable results, since the practice of
blast furnaces with natural gas has shown that an
increase in the consumption of natural gas leads
to a decrease in the degree of use of H,, namely,
an increase in the consumption of natural gas by
25—30 m3/t cast iron results in a decrease in the
degree of use of H, by 5% (Fig. 8, a).

The obtained results allow us to conclude that
the use of hydrogen-containing fuel additives
leads to a decrease in the degree of hydrogen use
in the blast furnace. Based on this, the influence
of the degree of H, use on the estimated output
of CO,, given CO afterburning outside the blast
furnace has been studied. It has been established
that an increase in the degree of H, use by 1%
leads to a decrease in CO, emissions by 0.13%
(that is equivalent to a decrease in emissions by
~2 kg/t cast iron) (Fig. 8, b).

Thus, the use of hydrogen and hydrogen-con-
taining fuel additives may have a less significant
effect than the expected one because of a decrease
in the degree of hydrogen reduction in the blast
furnace as the fuel additive consumption increa-
ses. Therefore, the problem of studying the influ-
ence of hydrogen on the physical and chemical
processes in the blast furnace is relevant and re-
quires further research.

7. The effect of the use of hydrogen-containing
additives in combination with pulverized coal
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fuel (PCF) on the decarbonization of blast fur-
nace production.

Since recently in the blast furnace production
of Ukraine, the PCF blowing technology has be-
come widespread due to its cost-effectiveness,
studying the technology of combined use of PCF
and hydrogen-containing fuel additives is a rele-
vant problem.

It has been established that the predicted CO,
emissions, given CO afterburning outside the
blast furnace, practically do not depend on the
PCF consumption during the injection with hyd-
rogen or hydrogen-containing fuel additives,
with the dynamics of their change being the same
as in the case of the use of hydrogen or a hydro-
gen-containing fuel additive (Fig. 9).

However, the use of PCF together with hy-
drogen-containing fuel additives leads to a de-
crease in the direct reduction of iron. Moreover,
with high consumption of fuel additives that are
blown into the hearth of the blast furnace, the di-
rect reduction decreases to zero, which may indi-
cate the achievement of conditions under which
iron in the blast furnace is reduced exclusively in
indirect way (Fig. 10).

The given results also show the critical con-
sumption of fuel additives, at which it is expec-
ted to achieve full indirect reduction of iron,
and therefore, minimum consumption of fuel
(Table 4).
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results of the use of hydrogen and hydrogen-con-
taining fuel additives on the predicted CO, emis-
sions, the output of secondary energy resour-

8. Effectiveness of using hydrogen and hydro-
gen-containing fuel additives on CO, emissions

and blast furnace productivity. The generalized
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Table 4. Fuel Consumption at Which All Iron in the Furnace is Reduced Indirectly

Fuel additives combination
Parameter PCF + natural gas PCF + coke gas PCF + hydrogen
Theoretical temperature Constant | Variable | Constant | Variable | Constant | Variable
PCF consumption, kg/t cast iron 200—250 | 200—250 | 200—250 | 200—250 | 100—250 | 200—250
Hydrogen-containing additive consumption, m*/t cast iron | 191—179 | 193—180 300 300 500—421 | 485—450

Table 5. Effectiveness of the Use of Hydrogen and Hydrogen-Containing Fuel Additives on Carbon Dioxide Emissions,
the SER Output, and Coke Consumption at Their Maximum Content in the Blow Composition

Type of fuel additive and its maximum consumption
Parameter Coke gas Hydrogen
5 . , ,
Natural gas, 200 m/¢ cast iron 300 m?3/t cast iron 585/600 m?/t cast iron

Theoretical temperature Constant Variable Constant Variable Constant Variable
Decrease in CO, emissions | 5.6% (0.22%) | 7.7% (0.34%) | 4.3% (0.49%) | 8.6% (0.52%) |21.3 % (0.49%) | 25.9% (0.51%)
Increase in SER output 107% (7.1%) | 79% (5.2%) | 83% (41%) | 73% (4.9%) | 101% (2.33%) | 114% (2.28%)
Decrease in the specific o o o o o o o o o o o o
consumption of coke 34.0% (1.7%) | 36.0% (1.8%) |26%.0 (0.87%) | 27.6% (0.92%) | 28.0% (0.48%) |27.6% (0.46%)

* change in the parameter with an increase in the fuel additive consumption by 10 m?/t cast iron is indicated in parentheses.

ces (SER), and the coke consumption are shown
in Table 5.

CONCLUSIONS

1. With the use of thermal energy and the exergy
models of blast furnace smelting, created at the
Iron and Steel Institute of the NAS of Ukraine,
the influence of using the hydrogen and hydrogen-
containing fuel additives on CO, emissions and on
the technical and economic indicators of blast fur-
nace operation has been established and analyzed.

2. The effectiveness of using the hydrogen and
hydrogen-containing fuel additives on CO, emis-
sions has been established. The use of fuel additives
allows reducing the emission of carbon dioxide by
0.22—0.34% (natural gas), by 0.49—0.52% (coke
gas), and by 0.49—0.51% (hydrogen) per every
10 m3/t in cast iron increase in the content of the
appropriate fuel additive in the blast furnace.

3. Joint injection of hydrogen-containing fuel
additives and PCF into blast furnace allows sol-
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ving the two tasks at the same time: decreasing

CO, emissions and ensuring the minimum cost of

iron and steel. At the same time, an increase in

the consumption of natural or coke gases leads to

a decrease in CO, emissions, while an increase in

the consumption of PCF results in a decrease in

the cost of iron production.

4. The critical consumption of fuel additives, at
which, according to Gruner’s principle, it is ex-
pected to achieve full indirect reduction of iron,
and therefore, minimum fuel consumption when
the degree of direct reduction is close to zero, has
been determined at the following conditions:

+ a PCF consumption of 200—250 kg/t cast iron
and a natural gas consumption of 193—179 m?/t
cast iron;

¢ a PCF consumption of 200—250 kg/t cast iron
and a coke gas consumption of 300 m?/t cast
iron;

# a PCF consumption of 100—250 kg/t cast iron
and a H, consumption of 500—420 m?/t cast
iron and 585—600 m?/t cast iron.
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5. The use of hydrogen and hydrogen-contai-
ning fuel additives makes it possible to increase
the output of secondary energy resources that
can be used in other plants of the metallurgical
enterprise or at a thermal power plant for the
electricity generation.

6. When using the hydrogen-containing fuel
additives, the degree of hydrogen use in the
blast furnace may decrease, which leads to a
decrease in the expected effect on the emission
of carbon dioxide, provided the fuel additive

consumption increases. Therefore, studying the
hydrogen influence on the physico-chemical
processes in the blast furnace, as well as deter-
mining the rational ratios of blown reducing
agents — hydrogen and carbon-containing fuel
additives — are relevant tasks that require fur-
ther research.

7. The coefficients of coke replacement by hyd-
rogen and coke gas blown into the blast furnace
have been established: 0.22—0.25 kg/m?, for hyd-
rogen, and 0.46—0.49 kg/m?, for coke gas.
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Incturyt yopHoi metanyprii im. 3.1. Hekpacosa Hartionasnbhoi akazemii Hayk Ykpainu,
. akazemika Crapouy6osa, 1, [luinpo, 49107, Yipaina,

+380 56 790 0514, office.isi@nas.gov.ua

[EPCIIEKTVBU BUKOPUCTAHHA BO/ITHIO TA BOAHEBMICHUNX /IOBABOK
AJIS1 SMEHINEHHA BUKW/IIB CO, I TOKPAIILEHHA TTOKASHUKIB JOMEHHOI ITJTABK

Beryn. [noGanbre noreriinis Hapasi € OQHIE0 3 HalBaKIMBIIIKX MPOOJIEM JIIOACTBA, TOMIHYI0YO0I0 IPUYMHOIO SIKOTO €
AHTPOIIOTeHHMIT (haKTOp — CyTTEBE 30IIbIIEHHS KiJIBKOCTI APHUKOBHMX rasiB. 3BajKalouu Ha BKPall HEraTHUBHI HACJIAKU
1[BOTO TIpoIiecy B MalibyTabomy 195 kpaiH cBity, cepen sikux i Ykpaina, y 2015 p. patudikysamu [lapusbky yroay oo KJi-
Mary, sika 30060B’13y€ 3MEHITUTH BUKUN CO,, 30kpema, B MeTasIyprii, jie 11i ITOKa3HIKN HaIBUCOKI — y cBiTi — 6 %, B Ykpaini
Ha ouatok 2022 p. — 26 %.

IIpoGaemaTuka. 3a nporuosamu MixHapoanoro Exepretnunoro Arenrcrsa 10 2050 p. momeHne BUpoOHULTBO Oye
JIOMIHYIOUOIO JIAHKY Y CTaJieBapinHi 3 TernoBuM Koedinienrom kopucuoi aii moraz 90 %. BripoBajskeHHsI HOBUX T€XHOJIOTH
OJIepKaHHsI CTasli MOJKe IPU3BECTU JI0 3MEHIIEHHS TPaAUIiiHOTo criocoby BupobHuITBa ctasti Ha 50 % 10 2050 poky Jiuiire
32 YMOBM 3HAYHUX iHBECTHILIH.

Mera. [lociiskeHHST BIINBY BUKOPUCTAHHSI BOJHEBMICHOTO IaJBa B JIOMEHHIH Iedi Ha eMicito iOKCHy BYTJIeNio Ta
TEXHIKO-€KOHOMIUHi [IOKa3HUKH JJOMEHHOI IIJTaBKHU.

Marepiamm i Metoam. [{Jist OIIHKYM MOTEHI[iaMy BUKOPUCTAHHS BOAHIO Ta BOJAHEBMICHOTO MAJWBA B JIOMEHHiI meui Ha
suknan CO, Ta TeXHiKO-eKOHOMIUHi TTOKa3HIKN TOMEHHOI MTaBKI BHKOHAHO PO3PaxyHKH 3 BUKOPUCTAHHAM PO3po06eHoi
B [HcTuTyTi wopHOi MeTamyprii HAH Ykpainu MareMaTHuHOI MOJIEJTI TIOBHOTO €HEPreTUYHOTO GajlaHCy TOMEHHOI IIaBKH.

Pesysnbratin. BukoHaHO aHasi3 Ta BCTAHOBJIEHO 3aKOHOMIPHOCTI BIUIMBY BOJHIO T4 BOAHEBMICHHX IAJIUBHUX A00ABOK
Ha pisern Bukuis CO, Ta MoKasHUKN PoOGOTH TOMEHHO] Medi — BUPOOHHUIITBO YaBYHY, BUTPATY KOKCY, BUXi/| BTOPHHHIX
eHepropecypcis. BusHaueHo KpUTHYHI BUTPATU MAJIUBHUX H00aBOK, 32 SIKMX OUiKY€ETHCSI OCSTHEHHS! IOBHOTO Bi[HOBJIEHHSI
3aJ1i3a HeNpsIMUM HIIAXOM. BuznaueHo koedilieHT 3aMiHN KOKCY KOKCOBUM Ta30M Ta BO/IHEM.

Bucnosku. /loseneno eheKTHBHICTD BUKOPUCTAHHST BOJHIO Ta BOJHEBMICHOTO MAJIMBA OKPEMO Ta CIIJILHO 3 MUJIOBYTLIbHUM
HAJIMBOM, 1110 € TIEPCIIEeKTUBHUM IIISIXOM, SKUI 03BOJUTD PAIliOHAIBHO MIAXOAUTH A0 BUOOPY PeKUMY POOOTH TOMEHHOI
1eyi 3 TOYKK 30py eKosioriyHocTi (3HuskenHs Bukuip CO,) Ta eKOHOMIYHOI J101iTBLHOCTI.

Kmouosi criosa: ekoJiorist, 1oMeHHa 1114, eMicig COZ, BO/IeHb, KOKCOBUI ra3, IPUPOJHUI Ta3, KOKC.
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