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Abstract

Based on the stoichiometric method and the free energy minimization method, an ideal model for the reduction of iron oxides
by carbon and hydrogen under blast furnace conditions was established, and the reduction efficiency and theoretical energy
consumption of the all-carbon blast furnace and the hydrogen-rich blast furnace were compared. The results show that after
the reduction reaction is completed at the bottom of the blast furnace, the gas produced by reduction at 1600 °C still has a
certain excessive reduction capacity, which is due to the hydrogen brought in by the hydrogen-rich blast as well as the excess
carbon monoxide generated by the reaction of the coke and the oxygen brought in by the blast. During the process of the gas
with excessive reduction capacity rising from the bottom of the blast furnace and gas reduction process, the excessive
reduction capacity of the gas gradually decreases with the increase in the dydrogen content in the blast. In the all-carbon blast
furnace, the excess gas reduction capacity is the strongest, and the total energy consumption per ton of iron reduction is the
lowest. This shows that, for the current operation mode of the blast furnace, adding hydrogen in the blast furnace cannot
reduce the consumption of carbon required for reduction per ton of iron, but rather increases the consumption of carbon.

Keywords Hydrogen metallurgy - Excess gas reduction capacity - Theoretical energy consumption - Hydrogen-rich blast
furnace - Thermodynamic model - Gibbs minimum free energy method

1 Introduction

At present, the “low carbon” issue has become a hot issue in
the international community, in which the “low carbon”
steel revolution has been put in the first place, and much
research on “low carbon” steelmaking has been carried out
[1-9]. For example, the European Union has launched the
Ultra-Low CO, Steelmaking Project (ULCOS) for “low
carbon” steelmaking and proposed a 20-year “low carbon”
roadmap [10, 11]. Japan has drawn up a “low carbon”
emission industrial technology roadmap and the
COURSES5O0 project of “Cool Earth 50” [12, 13]. Among
these projects, carbon reduction in the iron and steel industry
has become the primary task of the “low carbon” revolution.
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So far, countries around the world have not found a
material that can replace steel and a method that can sub-
stantially replace carbon reduction in ironmaking and
steelmaking processes. Therefore, countries around the
world are looking for methods with lower CO, emission in
the field of carbon reduction ironmaking, including “low
carbon” steelmaking plan in Europe (ULCOS) [11], bio-
mass reduction [14-16], co-injection of natural gas or coal
or hydrogen [17-19], etc. In terms of the ironmaking
method, the Hlsarna process [20-22] and alkaline elec-
trolytic ironmaking process developed by ULCOS [13]
undoubtedly reduce the carbon consumption in the process
to the greatest extent to achieve the lowest CO, emission.
However, from a thermodynamic point of view, what is the
limit of carbon reduction of iron oxides? This issue is not
yet clear. Although the theoretical energy consumption and
corresponding CO, emissions of carbon reduction of iron
oxide have been calculated in various textbooks, and there
are also some process studies and theoretical studies
[23-25], the research methods and conclusions are not
universal. Few studies have been carried out about the
quantitative relationship at different parts of the blast fur-
nace during the coal gas rising from the bottom to the top,
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and the minimum energy consumption for reducing iron
oxide by each reductant and the proportion of reductant and
exothermic agent in the energy consumption are not clear.

In addition, the effect of artificial hydrogenation on the
carbon reduction of iron oxides in blast furnace is rarely
studied. Recently, some iron and steel enterprises in Germany
and China added hydrogen to reduce iron oxide in blast fur-
nace to reduce CO, emissions [17, 26-28]. However, the
efficiency, hydrogen utilization and CO, emission reduction
of blast furnace hydrogen-rich smelting are not clear.
Therefore, it is necessary to use thermodynamic theory to
study the compound reduction of carbon and hydrogen in
blast furnace, so as to reveal the relationship between carbon
reduction and hydrogen reduction in blast furnace, thus pro-
viding theoretical guidance for hydrogen metallurgy.

In this paper, a theoretical model for the reduction of
iron oxides by carbon and hydrogen under blast furnace
conditions is established based on the stoichiometric rela-
tionship of iron oxide reduction and the principle of min-
imum free energy of thermodynamics. The limits of
theoretical carbon consumption and CO, emission in the
process of iron oxide reduction in the all-carbon blast
furnace and the hydrogen-rich blast furnace are calculated,
which can provide theoretical guidance for the formulation
of the “low carbon” steelmaking process.

2 Thermodynamic model of reduction
of iron oxide by carbon

Although the theories on the carbon reduction of iron oxide
seem to be very mature in textbooks, so far, there is no
ideal energy consumption data for this. The discussion and
calculation of the energy consumption of ironmaking
generally remain in material balance, heat balance or local
thermodynamic calculation. It is necessary to use the most
basic thermodynamic principle to study the carbon reduc-
tion of iron oxide from a new perspective and find some
new laws in the established thermodynamic models.

2.1 Theoretical model based on stoichiometric
relationship (Model-1)

The classical ideal thermodynamic principle of carbon
reduction of iron oxide can be shown in Fig. 1, based on
the following assumptions:

(1)  All chemical reactions are carried out in a closed
system under the condition that the reducing agent C
is sufficient and the heating agents C and O, are also
sufficient.

(2) The temperature of the reactants in the initial and
final states is room temperature.

Initial state Final state

Fe,0,, C, O, Fe, CO, CO,

AH®

T, Initial T, Final

A closed system

Fig. 1 Classical ideal thermodynamic principle of carbon reduction of
iron oxide

(3) Other energy losses in the reaction process are not
considered in this ideal model.

(4) Heat needed is provided by the complete combustion
reaction between carbon and oxygen.

In Fig. 1, AH® is the standard enthalpy change of the
system from the initial state to the final state, and Tyia
and T, are the temperatures of the initial and final states,
respectively. The number of components (M) is 6 with
Fe,05, CO, CO,, O,, Fe and C, respectively. The number
of elements (m) is 3 with Fe, C and O, respectively.
Therefore, in this thermodynamic system, the number of
independent chemical reactions (r) is calculated in Eq. (1).
Thus, in terms of thermodynamic theory, 3 independent
chemical reactions are needed to describe the initial and
final states of carbon reduction of iron oxide, which can
reflect the whole process.

In the closed system, the intermediate products Fe;O, and
FeO are not considered here, because this model assumes
that the reductant carbon is sufficient, and thus, these two
intermediate oxides do not exist when the reaction reaches
the final state of thermodynamics. However, if the reductant
C is not sufficient, the intermediate state will occur. After
Fe;0,4 and FeO appear in the system, the number of com-
ponents will change to 8, and the number of independent
chemical reactions will change to 5. The treatment method is
the same, and thus it will not be repeated.

To complete this thermodynamic process theoretically,
the carbon required for carbon reduction of iron oxide can
be divided into two parts. The first kind of carbon is con-
sumed as reducing agent, which can be calculated by sto-
ichiometry. The second kind of carbon is used as heating
agent for the endothermic reaction in the direct reduction
of iron oxide by carbon. Theoretically, the carbon needed
to reduce iron is the sum of these two parts.

Therefore, the Hess law can be used to design the carbon
reduction of iron oxide. Taking Fe,O; as an example, an
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ideal ironmaking process with limited energy utilization
and minimum CO, emission is proposed, as shown in
reactions (2)—(4).

3CO + Fe,05 = 2Fe +3CO, (298 K) AH5)q

| 1 (2)
3CO + Fe,03 = 2Fe +3CO, (TK)  AHY
CO, +C = 2CO (T K) (3)
C+ 0, =CO, (4)

where T is the temperature; and AH} represents the reac-
tion enthalpy change at T under standard state. At T, the
indirect reduction reaction (reaction (2)) is combined with
the carbon gasification reaction (reaction (3)) to obtain
reaction (5).

3C + Fe,03 = 2Fe + 3CO (5)

An ideal model for the carbon reduction of Fe,O3
(called Model-1) is constituted of reactions (4) and (5). The
mass of CO, and CO in coal gas is from the combustion
reaction (reaction (4)) and the reduction reaction (reaction
(5)), respectively. The needed C can be calculated from
two parts as follows:

(1) The mass of carbon as reducing agent is calculated
from the stoichiometric relationship of reaction (5);
(2) The mass of carbon as heating agent is calculated from
the complete combustion reaction (reaction (4)) to meet
the heat required by the reduction reaction (reaction (5)).

Thus, the iron ore, oxygen supply and carbon con-
sumption required for the carbon reduction of Fe,O5 can be
calculated.

Reactions (6)—(8) are the three most basic reactions used
in the calculation.

C+0,=C0, AHyg = —393.52 kJ/mol (6)
1 o
C+50.=CO Ay, = ~110.5 kI/mol (7)
3 5
2Fe 30, = FexO3 Ay, = ~825.5 ki /mol (8)

The reaction heat of Eq. (5) equals the difference
between three times of Eq. (7) and one time of Eq. (8), as
shown in Eq. (9), in which x refers to the mass of carbon as
reducing agent and y refers to the heat required for 1 kg Fe.
1 kg Fe (or 1 t Fe) produced is taken as the benchmark to
simulate and calculate the carbon reduction of pure Fe,O;
in blast furnace.

3C + Fe;03 = 3CO + 2Fe  AHj3, = 494 kJ/mol
36¢g 111.7 g 494 kJ 9)
by 1000 g y

The amount of reducing agent carbon required to reduce
1 kg Fe is
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36 x 1000

T =329 (10)

The amount of heat required to reduce 1 kg Fe is

494 x 1000

- — 442256 kJ 11
Y 111.7 (11)

The amount of heating agent carbon required to reduce 1
kg Fe is
442256
©393.52

The amount of oxygen required for complete combus-
tion to reduce 1 kg Fe is

134.86
Vo, = ———

2 x 12 = 134.86 g (12)

x 0.0224 = 0.25 m® (13)

The amount of oxygen required for complete combus-
tion to reduce 1 kg Fe is

0.252
Vail- = W =1.2 ITl3 (14)
Based on the above two items, the total carbon con-

sumption for 1 kg Fe is
We =322.29+134.86 =457.15 ¢ (15)

According to unit transfer, the theoretical carbon
required for reducing 1 t Fe under ideal conditions is
457.15 kg (including 322.29 kg of reducing agent carbon
and 134.86 kg of heating agent carbon, which can be
regarded as the same in the later discussion). O, required is
252 m?> or air required is 1200 m>. In this article, m® refers
to the standard state cubic meter.

The coal gas composition in Model-1 can be calculated.
The volume of CO produced by carbon reduction of
reaction (5) is shown in Eq. (16), namely 601.61 m’ per ton
of Fe. The volume of CO, produced by combustion
reduction of reaction (4) is shown in Eq. (17), namely
251.74 m® per ton of Fe. The ratio of reducing gas CO in
(CO + CO,) can reach 70.5%.

322.29 3
Voo = o5 % 00224 = 601.61 m (16)
134.86 3
Veo, = 5 g1 X 00224 =251.74 m (17)
VCO _ nco _ 60]6] _ 0705
Veo + VCOZ nco + nco, 601.61 +251.74
(18)

where Vo and Vo, are the gas volume of CO and CO,,
respectively; and nco and nco, are the gas mole of CO and
CO,, respectively.

According to the calorific value of complete combustion
of carbon listed in Eq. (6), AHféc is used to represent the
heat value of complete combustion of 1 kg of carbon, as
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Table 1 Theoretical consumption of each material for carbon reduction of 1 kg Fe from Fe,03
Element Reducing reaction Heating reaction Total

Mass/g Amount/mol Volume/m® Amount/mol Mass/g Amount/mol
C 322.29 26.86 134.86 11.24 457.15 38.10
(6] 0 26.86 0.25 22.50 0 49.34
Fe 1000.00 17.91 - - 1000 17.91
shown in Eq. (19). kg of standard coal (symbol kgCe) is M M

i inG = G; = (GY +RTna;) =
unusually used to be the unit to represent energy con- min an i Zn, i i
sumption in industry, and AHj,c. is used to represent the = i:el - .
heat value of 1 kg of standard coal, as shown in Eq. (20). ncGe + nre,0, GF6203 + npeGg, + nreo G0t
i i o NcoProtal
The cal'orlﬁc value of complete combustion of 1 kg carb(?n MEes0s G0, + Mo GS + RTIn otal _
is equivalent to 1.12 kg standard coal, as shown in (nco + nco,)p°
. . . . n )
Eq. (21). Thus., the 1Qeal the.oret.lcal energy consumption of nco,(GZo, + RTIn CO,Protal _
carbon reduction of iron oxide is 512 kg standard coal per (nco + nco,)p®
ton of Fe. (22)
N 1000 .
AHC « = ———£ % 393.52 ki/mol = 32,793.33 kJ Subjected to
£ 12 g/mol y
(19) Zaieni:ne (e: 1,2,"',”1) (23)
i=1

AHSD,Ce =29,307.6 kI (20)

AHy,c  32,793.33 kJ b

AHpc,  29,307.6kJ

(21)

The above calculated theoretical energy consumption of
carbon reduction of Fe,O3 and relevant data of its products

“mol” or “m3n
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are integrated and expressed in “g”,
respectively, which are listed in Table 1.

From the above discussion, it can be seen that the
consumption and output of the carbon reduction of iron
oxide are obtained by stoichiometry calculation from the
thermodynamic theoretical Model-1. However, the Model-
1 cannot reflect the laws under the equilibrium condition of
the reduction process.

2.2 Theoretical model based on Gibbs minimum
free energy method (Model-2)

For the thermodynamic equilibrium of the products of the
closed reaction system under the conditions of different
temperatures, pressures and changes in the number of
elements, the Gibbs minimum free energy method
(GMFEM) [23, 24] is used to design the theoretical model
(called Model-2), as shown in Egs. (22)—(24), to discuss
the essential characteristics of carbon reduction of iron
oxide.

Namely

31Fe,0, + NEe0 + 41Ee;0, + Nco + 2nco, = E (0, ironoxide + 10,purn )
21Fe,0, + NFe + NEcO + 3NFe;0, = E npe
nco + nco, +he = § (1 reduction + 1 purn)

(24)

where i and e represent the components and elements in the
equilibrium state, respectively; n is the amount in the
equilibrium  state, mol; 70 jronoxide and Mo pum are the
amount of oxygen from iron oxide and oxygen required for
combustion reaction with C, respectively, mol;
NC reduction and A pun are the amount of carbon as reducing
agent and combustion agent, respectively, mol; G, G; and
G represent the sum of the Gibbs free energy of all sub-
stance, the Gibbs free energy and the standard Gibbs free
energy of the component i, respectively, J/mol; py and
p° represent the total pressure of all gas and the standard
atmospheric pressure, respectively, Pa, and
p® =1 atm = 101,325 Pa; p;, represents the partial pres-
sure of gas component i; o, represents the number of
atoms in the element; T represents the thermodynamic
temperature of the system, K; R is the ideal gas constant,
which is equal to 8.314 J/(mol K); and a; represents the

n;

ivity. When 7 i ;=8 = M Pl
activity. When i is a gaseous state, q; TR S

and when i is a solid state, a; = 1.
According to Eq. (24), the calculation results of Model-
1 would be used as the amount of elements in Model-2.
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Table 2 Composition evolution process in carbon reduction of Fe,O; by GMFEM

Constraint value

Result value

No. e pequetion/MO1 A pur/MO] — Ao pu/MOL neq/mol Mo /mol ng, /mol ey /mol n“,:/mol neo! (e + 1o, )
1 26.86 11.24 26.86 22.50 38.10 3.14 14.92 29.98 8.12 0.787
2 27.86 11.24 26.86 22.50 39.10 1.93 16.07 30.77 8.33 0.787
3 28.86 11.24 26.86 22.50 40.10 0.72 17.23 31.56 8.54 0.787
4 29.86 11.24 26.86 22.50 41.10 0 17.91 32.84 8.26 0.799
5 29.86 12.24 26.86 22.50 42.10 0 17.91 34.84 7.26 0.828
6 29.86 13.24 26.86 22.50 43.10 0 17.91 36.84 6.26 0.855
7 29.86 14.24 26.86 22.50 44.10 0 17.91 38.84 8.26 0.881
8 29.86 11.24 26.86 23.50 41.10 0.5 17.43 32.34 8.76 0.787
9 29.86 12.24 26.86 23.50 42.10 0 17.91 33.84 8.26 0.804
10 29.86 12.24 26.86 24.50 42.10 0.29 17.63 33.13 8.97 0.787
11 29.86 13.24 26.86 24.50 43.10 0 17.91 34.84 8.26 0.808
12 29.86 13.24 26.86 25.50 43.10 0.076 17.83 33.92 9.18 0.787
13 29.86 14.24 26.86 25.50 44.10 0 17.91 35.84 8.26 0.813
14 29.86 14.24 26.86 26.50 44.10 0 1791 34.84 9.26 0.790
15 29.86 14.24 26.86 27.50 44.10 0.86 17.14 34.70 9.40 0.787
16 29.86 15.24 26.86 27.50 45.10 0 17.91 35.84 9.26 0.795
17 29.86 16.24 26.86 27.50 46.10 0 17.91 37.84 8.26 0.821
18 29.86 17.24 26.86 27.50 47.10 0 17.91 39.84 7.26 0.846
19 29.86 15.24 26.86 22.50 45.10 0 17.91 40.84 4.26 0.906
20 29.86 16.24 26.86 22.50 46.10 0 17.91 42.84 3.26 0.929
21 29.86 17.24 26.86 22.50 47.10 0 17.91 44.84 2.26 0.952
22 29.86 18.24 26.86 22.50 48.10 0 17.91 46.84 1.26 0.974
23 29.86 19.50 26.86 22.50 49.36 0 17.91 48.84 0.26 0.995
24 29.86 20.24 26.86 22.50 50.10 0.742 17.91 49.36 0.0023 1.000
25 29.86 21.24 26.86 22.50 51.10 1.742 17.91 49.36 0.0023 1.000

Referring to Table 1, 25 groups of different constraint
values were set for composition evolution in the equilib-
rium state of the closed system based on Egs. (22)-(24), as
shown in Table 2.

In Table 2, the columns 1-5 are constraints and the
columns 6-10 are results. 70 ironoxide 1S the amount of
oxygen of iron oxide required for the reduction of 1 kg Fe.
ne,q is the sum of 7n¢ requction and e pum- AFe0, RFe, Nco, and
nco, are the amount of FeO, Fe, CO, and CO, in equilib-
rium state, respectively, mol. The tenth column shows the
proportion of CO in the gas phase system, non-
dimensional.

2.3 Analysis and discussion
2.3.1 End point of carbon reduction of Fe,0;

According to the stoichiometric relationship of Model-1,
the amount of carbon and oxygen required for 1 kg Fe
reduction is substituted into the thermodynamic Model-2
based on GMFEM, as shown in the first row of Table 2,
namely the constraint value of the No. 1 system. The
corresponding results show that 1 kg iron (17.9 mol)
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cannot be obtained under the chemical equilibrium state
under this condition, only 833 g Fe (14.92 mol) can be
obtained, and 226 g FeO (3.14 mol) in the system has not
been reduced. This indicates that if the reduction process is
designed according to the stoichiometry relationship of 1
kg Fe, 1 kg Fe cannot be obtained at the reaction
equilibrium.

In order to obtain 1 kg Fe, the amount of iron and
oxygen is kept unchanged, and the value of the first column
for reduction gradually increases, as shown in
Nos. 2—4 systems in Table 2. It is found that when the
reduction increases from 26.86 mol of No. 1 system to
29.86 mol of No. 4 system, the amount of FeO gradually
decreases until it disappears in No. 4 system. When the
total carbon consumption increases to 42.1 mol, 1 kg iron
(17.9 mol) is completely reduced.

What are the characteristics of the system when the iron
is completely reduced in theoretical Model-2?

—fco_ — ().787 is a common feature in the equilibrium
nco-+nco,

results of Nos. 1-3 systems, and the ratio becomes 0.799 in
No. 4 system. For the following Nos. 5-7 systems,
nco/(nco + neo,) also gradually increases from 0.799 to
0.881 when the values of the second column increase and Fe
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Fig. 2 Equilibrium diagram of iron oxide reduced by CO and H,

is completely reduced. The reason for this phenomenon can
be explained according to the “fork curve” shown in Fig. 2,
which was redrawn with the selected thermodynamic data
[8], and in which the reduction temperature was extended to
the melting point of iron (1536 °C). pco and ¢u, in the
vertical axis of Fig. 2 represent the equilibrium volume
fraction of CO and H, during their reaction processes,
respectively.

Based on No. 4 system, when the amount of C element
in the system remains unchanged of (29.86 + 11.24) mol,
and the amount of O element increases from
(26.86 + 22.5) to (26.86 + 23.5) mol, namely No. 8 sys-
tem, the equilibrium calculation results show that FeO
appears again and the  corresponding  ratio
nco/(nco + nco,) returns from 0.799 to 0.787 again.
Based on No. 8 system, the amount of C and O elements in
the system is increased alternately until No. 16 system. As
long as nco/(nco + nco,) is back to 0.787, there will be
unreduced FeO in the system. Based on No. 8 system, the
system changes to No. 9 system when 1 mol C is added,
and the results show that nco/(nco + nco,) in No. 9 sys-
tem increases to 0.804, and FeO disappears. This phe-
nomenon repeats until to No. 16 system.

At 1873 K, the condition for complete reduction of iron
oxide is that the ratio nco/(nco + nco, ) is 0.790, as shown
in No. 14 system in Table 2 and the uppermost curve of CO
reduction in Fig. 2, namely reaction (25).

CO + FeO = Fe + CO, (25)

If the temperature of the system decreases, the reduction
process of iron oxide by CO will move along the top curve
in Fig. 2. This thermodynamic equilibrium movement
phenomenon has certain practical significance for iron
oxides in the upper part of the blast furnace.

Furnace throat {

Furnace shaft <

Furnace waist

Furnace bosh

Fig. 3 Temperature distribution diagram of modern blast furnace

2.3.2 Minimum energy consumption for carbon reduction
of iron oxide in blast furnace

The temperature distribution diagram of the modern blast
furnace is shown in Fig. 3. The reduction gas from the
bottom of the blast furnace will undergo indirect reduction
of iron oxide in the process of rising to the top of the blast
furnace. Under the combined effect of direct reduction at
the bottom and indirect reduction in the gas rising process,
the minimum energy consumption and system gas state of
1 t iron produced by carbon reduction of iron oxide will be
discussed in this section.

The thermodynamic equilibrium of the reduction reac-
tion of iron oxide at the bottom temperature of 1600 °C of
the blast furnace has been calculated by GMFEM in the
theoretical Model-2. The results show that —"¢9— > ().790

nco+nco,
is the characteristic of the complete reduction of iron oxide.
Taking No. 4 system as an example, Fe,Oj3 is reduced with
41.10 mol C (493.20 g) to obtain 1 kg Fe, and
nco/(nco + nco,) is 0.799 when 32.84 mol CO and
8.26 mol CO, are produced.

The indirect reduction reactions would occur at the
process of gas rising from the bottom to the top of the blast
furnace, when nco/(nco + nco,) is greater than the curve
value of the reaction CO + FeO = Fe + CO, at different
temperatures. It can be seen from Fig. 2 that the curve
value nco/(nco + nco,) is decreasing gradually from
0.790 at 1600 °C to a smaller value at the lower temper-
ature. The smallest value depends on the temperature at the
top of the blast furnace, which is slightly different in the
different blast furnaces.

Taking a 5000 m> blast furnace of a Chinese enterprise
as an example, the statistical value of blast furnace gas in
June 2014 is shown in Table 3.
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Table 3 Statistics of daily average value of blast furnace gas in June 2014

Time CO/% COo/% No/% H,/% CO/(CO + COy)
2014/6/1 23:57:32 22.41 19.91 49.42 4.04 52.95
2014/6/2 23:57:29 21.89 20.54 4941 4.13 51.59
2014/6/3 23:57:35 21.76 20.13 49.29 4.03 51.95
2014/6/4 23:57:29 21.83 20.23 49.07 4.26 51.90
2014/6/5 23:57:35 21.60 20.31 49.47 3.87 51.54
2014/6/6 23:57:31 22.01 19.81 49.65 4.00 52.63
2014/6/7 23:57:35 21.82 20.16 49.39 3.90 51.98
2014/6/8 23:57:31 21.56 20.40 49.06 4.05 51.38
2014/6/9 23:57:35 22.10 19.90 49.49 3.98 52.62
2014/6/10 23:57:30 22.07 19.70 50.28 3.69 52.84
2014/6/11 23:57:36 21.96 19.99 49.55 3.86 52.35
2014/6/12 23:57:31 21.77 20.23 49.43 3.96 51.83
2014/6/13 23:57:40 22.16 19.82 4941 4.01 52.79
2014/6/14 23:57:34 22.48 19.89 49.58 3.98 53.06
2014/6/15 23:57:38 21.80 20.17 49.73 3.75 51.94
2014/6/16 23:57:34 21.84 19.94 49.56 4.03 52.27
2014/6/17 23:57:31 22.10 19.66 49.57 4.09 52.92
2014/6/18 23:57:34 22.08 19.98 49.39 4.20 52.50
2014/6/19 23:57:29 21.96 19.55 49.82 4.14 52.78
2014/6/20 23:57:34 21.87 19.83 49.51 4.23 52.45
2014/6/21 23:57:31 21.85 19.86 49.25 4.38 52.39
2014/6/22 23:57:38 22.05 20.00 49.52 4.14 52.44
2014/6/23 23:57:31 21.81 19.81 49.70 3.95 52.40
2014/6/24 23:57:37 21.67 19.67 49.77 4.08 52.42
2014/6/25 23:57:33 21.53 19.68 49.73 4.13 52.24
2014/6/26 23:57:29 21.76 19.80 49.93 3.97 52.36
2014/6/27 23:57:35 21.69 19.53 50.16 3.83 52.62
2014/6/28 23:57:30 21.45 19.91 49.96 3.97 51.86
2014/6/29 23:57:37 21.41 19.72 49.89 4.18 52.05
2014/6/30 23:57:31 21.48 19.87 50.09 3.94 51.95
Average value 21.86 19.93 49.60 4.03 52.38

It can be seen from Table 3 that the average value of
nco/(nco + nco,) of blast furnace gas is 52.38%, and
the corresponding temperature in Fig. 2 is 600 °C. It can be
considered that the temperature at the top of the blast
furnace is 600 °C. nco/(nco + nco,) is 0.79 at 1600 °C at
the bottom of the blast furnace and decreases to 0.52 at 600
°C at the top. How much iron can be produced by indirect
reduction?

The indirect reduction reactions are calculated in
Eq. (26).

3CO + Fe,05 = 3CO, + 2Fe  AHg, = —19.96 kJ/mol
3 x 0.0224 m? 1117 ¢g ~19.96 kJ
x 1000 g y

(26)
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Under the condition of indirect reduction, the amount of
CO required for the reduction of 1000 g Fe is 0.60 m® or
26.86 mol, as shown in Egs. (27) and (28), and its heat
effect is — 168.79 kJ, as shown in Eq. (29). It can be seen
that the above indirect reduction reaction is a slightly
exothermic reaction, which shows that there is no need to
supplement energy in the indirect reduction process of CO.

3 x 0.0224 x 1000 X
= = V. - 2
2% 55.85 060 m 27)
Or
3 x 1000
Or
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—19.96 x 1000

The excessive reduction capacity of the gas of the blast
furnace is defined as the amount of CO participating in
indirect reduction reaction in the process from the bottom
to the top of the blast furnace gas. At the top of the blast
furnace at 600 °C, the CO ratio is shown in Eq. (30),
so that the excessive reduction capacity of the gas can be
expressed in Eq. (31).

—A
fico — ANCO _ )52, at 600 °C (30)
nco + nco,
Anco =nco — 0.52(7’1CO + f’lcoz) (31)

Taking No. 4 system as an example, the indirect reduced
iron produced by the excess reduction gas is 0.43 kg, as
shown in Eq. (32). Thus, the total amount of iron obtained
in No. 4 system is 1.43 kg, which is the sum of 1 kg Fe
from 1600 °C reduction and 0.43 kg Fe from the indirect
reduction in the temperature decreasing process from 1600
to 600 °C. In other words, 41.1 mol C (493.2 g) can be used
to obtain 1.43 kg Fe, namely the carbon consumption per
ton of iron is changed from 493.2 to 344.90 kg, and the
composition and amount of CO and CO, in the top gas are
also changed accordingly.

W — Anco _ nco — 0.52(nCO + nCOz) _
Fe,i 26.8

32.84 '0652(32 84 82266§6
84 — 0. .34 + 8.

=043k

26.86 043 ke

In addition, it can be seen that the indirect reduction
ratio (Mingirect) 18 0.3, as shown in Eq. (33) and the direct
reduction ratio (Hgirecy) 1S 0.7, as shown in Eq. (34).

0.43
Nindirect = m

(32)

=03 (33)

Ngirect = 1 — 0.3 =0.7 (34)

Similarly, the calculation results of the other 24 systems
“direct reduction at furnace bottom + indirect reduction
during gas rising process” are listed in Table 4. Wc g4,
Weei and W, . show the carbon consumption from direct
reduction at the bottom of the blast furnace, iron from
indirect reduction and total iron from direct reduction and
indirect reduction, respectively, kg. Vo and Vo, show the
standard state volume amount of CO and CO, formed at
the bottom per ton of iron, respectively, m>. Vcos and
Vco,,3 show the standard state volume amount of CO and
CO, formed at the top of the blast furnace per ton of iron,
respectively, m>. W shows the actual consumption of

carbon per ton of iron after comprehensive direct reduction
and indirect reduction, kg. Vo, 3 and Vy, show the standard
state volume of oxygen and incidental nitrogen when the
blast furnace is injected with air, respectively, m>. Columns
12, 13 and 14 in Table 4 show the volume content of CO,
CO, and N, in the top gas of furnace, respectively.
We depositea Shows the amount of deposited carbon per ton
of iron, kg.

It can be seen that except that the reduction of Nos. 1, 2,
3, 8, 10, 12 and 15 systems is not completed, and the
comprehensive carbon consumption of No. 7 system is the
lowest relatively, which is 332.36 kg/t. For Nos. 4, 5, 6, and
7 systems, under the condition that the amount of oxygen
added to the system remains unchanged and the amount of
carbon continues to increase, comprehensive carbon con-
sumption decreases. The characteristic of this phenomenon
is that the value nco/(nco + nco,) is the highest in stages,
which is 0.881. Thus, when the oxygen content remains the
same and the amount of C continues to increase, is it
possible to continue to reduce the total carbon
consumption?

Based on No. 7 system, Nos. 19-25 systems are
designed. It is found that with the increase in the amount of
carbon, the carbon consumption per ton of iron continues to
decrease. However, when the amount of carbon at the
bottom of the blast furnace is 589.2 kg, No. 23 system is
exactly 1, and the comprehensive carbon consumption per
ton of iron is 314.72 kg. After that, if carbon continues to
increase, such as in Nos. 24 and 25 systems, although the
nco/(nco + nco,) value at the bottom of the furnace
remains 1, the system will show carbon deposition, that is,
the carbon has reached saturation.

In other words, No. 23 system corresponds to the min-
imum carbon consumption of blast furnace operation,
which is 314.73 kg per ton of iron.

Based on the above discussion, it can be concluded that
when the reducing agent of iron oxide is carbon, to reach
the lowest carbon consumption per ton of iron, it has the
following characteristics:

(1) In the gas formed at the bottom of the blast furnace,
nco/(nco + nco,) = 1;

(2) Indirect reduction accounted for 46.8% of the total
reduction;

(3) The comprehensive carbon consumption per ton of
iron is 314.72 kg, and the oxygen required for
reduction per ton of iron is 267.79 m°>. In the reaction
system with the lowest carbon consumption of pure
iron, C/O, = 1.175 kg/m®.

@ Springer



54

H.J. Guo

Table 4 Calculation results of “direct reduction at furnace bottom + indirect reduction during gas rising process” per ton of iron

No. Wea/ Veo/m® Veo,  Weeil Weean! Veos!  Veo,s!  Welkg Vo,al  Vyny/m®  CO/ CO,/ N/ We deposited
kg m? t t m’ m’ m’ vol.% vol.% vol.% kg
1 4572 133839 36250 038 138  641.59 59223 331.65 18280 137535 0.25 0.23 0.53 0
2 4692 1373.66 371.88 039 139  653.66 603.38 337.89 18148 1365.40 0.25 0.23 0.52 0
3 4812 140893 38147 040 140 66569 61448 34407 180.18 1355.68 0.25 0.23 0.51 0
4 4932 146607 368.75 043 143  668.63 61720 34563 176.60 132870 0.26 0.24 0.51 0
5 5052 155536 324.11 048 148 65944 60871 340.88 170.03 1279.30 0.26 0.24 0.50 0
6 5172 164464 27946 054 154 65090 600.83 33647 163.94 123345 0.26 0.24 0.50 0
7 5292 173393 23482 059 159 64296 59350 33236 15827 1190.76 0.26 0.24 0.49 0
8 4932 144375 391.07 041 141 67747 62536 35020 186.89 1406.10 0.25 0.23 0.52 0
9 5052 151071 36875 044 144 67643 62440 349.66 182.17 1370.59 0.25 0.23 0.51 0
10 505.2 1479.02 40045 042 142  689.03 636.03 356.18 193.46 1455.55 0.25 0.23 0.52 0
11 5172 155536 368.75 046 146  684.04 63142 35359 187.60 1411.46 0.25 0.23 0.52 0
12 5172 151429 409.82 043 143 70044 646.56 362.07 199.94 150429 0.25 0.23 0.53 0
135292 1600.00 368.75 048 148 69146 63827 35743 19290 145134 0.25 0.23 0.52 0
14 5292 155536 41339 044 144 70929 65473 366.65 205.63 1547.16 0.4 0.22 0.53 0
15 5292 1549.11 419.64 044 144 71187 657.11 367.98 214.17 161136 0.4 022 0.54 0
16 5412 1600.00 41339 046 146 71651 661.39 37038 210.78 1585.90 0.24 022 0.54 0
17 5532 168929 368.75 0.52 152 70578 65149 364.83 203.13 152827 0.24 0.23 0.53 0
18 5652 1778.57 324.11 057 157 69580 64228 359.68 196.00 1474.69 0.25 0.23 0.52 0
19 5412 182321 190.18 0.65 1.65 63554 586.65 32853 15297 115093 0.27 0.25 0.48 0
20 5532 191250 14554 070 170 628.61 58025 324.94 148.02 1113.68 0.27 0.25 0.48 0
21 5652 2001.79 100.89 0.76 1.76  622.11 57425 32158 14338 1078.77 0.27 0.25 0.47 0
22 5772 2091.07 5625 081 1.81 61601 56862 31843 139.02 104598 0.28 0.25 0.47 0
23 5892 218036 11.61 0.88 1.88  608.87 562.03 31472 13390 1007.42 0.28 0.26 0.46 0
24 6012 220357 0.0 0.88 1.88  608.87 562.03 319.44 13390 1007.42 0.28 0.26 0.46 8.90
25 6132 220357 0.0 0.88 1.88  608.87 562.03 325.82 133.90 1007.42 0.28 0.26 0.46 20.90

3 Reduction principle of hydrogen-rich blast
furnace

In the blast furnace, if the iron oxide is reduced by two
reductants, C and H, two thermodynamic models can be
established, as the reduction of iron oxide by carbon in the
previous case. The assumptions of the models are the same
as those described above and will not be repeated here.

3.1 Thermodynamic model of reduction of iron
oxide by carbon and hydrogen based
on stoichiometric relationship (Model-1)

For the co-reduction of iron oxide by carbon and hydrogen,
the thermodynamic Model-1’ can be described in Fig. 4.

In the system, the components are Fe,O3, H,, H,O, CO,
CO,, O,, Fe and C, and the quantity is M = 8; the elements
are Fe, C, O and H, and the quantity is m = 4. The number
of independent chemical reactions in this system is
r=M-m=8—-4=4.
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In thermodynamic theory, only the following four
independent chemical reactions are required to describe the
reduction of iron oxide by carbon and hydrogen, as shown
in Egs. (3), (4), (35) and (36).

3CO + Fe,0O3 = 2Fe + 3CO,
3H, + Fe,0O3 = 2Fe 4+ 3H,0O

(35)
(36)

Reaction (37) can be obtained by combining reactions
(3) and (35). Therefore, reactions (4), (36) and (37) can be
used to describe the reaction process of the whole system.
This is the thermodynamic Model-1'.

3C + Fe,03 = 3CO + 2Fe AHj, = 494 kJ /mol

36g 111.7g 494 K]
x 1000 g y

(37)

For Eq. (37), if 1 kg Fe is obtained by reduction, it can
be calculated from the stoichiometric relationship of the
reaction:

(1) The amount of reductant carbon required to reduce 1
kg Fe is
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36 x 1000
(2) The heat to be provided is
494 % 1000
=—————=4422.56 k
y 117 56 kJ (39)
For Eq. (36),
3H; + Fe, 03 = 3H,0 + 2Fe AH5gs=98.12 kJ/mol
6g 111.7 g 98.12 kJ
by 1000 g y
(40)

If 1 kg Fe is obtained by reduction, it can be calculated
from the stoichiometric relationship of the reaction:
(1) The amount of reductant H, required to reduce 1 kg
Fe is
6 x 1000

=53.7 41
g e (41)
(2) The heat to be provided is
98.12 x 1000
=——— =—87842k 42
111.7 878 ! (“42)

These heats are all provided by the complete combustion
reaction of carbon as Eq. (43).

C+0,=C0, AHj)y = —393.52 kJ/mol (43)

According to the above two items, it can be seen that
when carbon and hydrogen are used as reductants to reduce
1 kg Fe, respectively, the consumption of reductants and
the energies required are very different, that is, the reduc-
tion of 1 kg Fe by carbon requires 322.3 g carbon and
4422.56 kJ of heat, while reduction of 1 kg Fe by hydrogen
requires only 53.7 g H, and 878.42 kJ of heat. The heat
required for the reduction reaction by carbon and hydrogen
is provided by the carbon oxidation reaction. If two
reductants jointly reduce Fe,Oj3 to obtain 1 kg of Fe, setting
that the fraction of carbon in the reductants is x, the fraction

i Initial state Final state

AH® ! Fe,H,0,C0,CO,

Fe,0;, C, H,, O,
T, Initial T Final

1

|

[

1

1

1

1

|

|

I

11

1

|

1

|

1

-

A closed system :
I

Fig. 4 Classical ideal thermodynamic principle of reduction of iron
oxide by carbon and hydrogen

of hydrogen is 1 — x, and the consumption and output of
other materials are calculated based on this fraction.
1. Carbon consumption of each reaction and total car-
bon participating in reaction in system

(1) The carbon that provides heat for the reduc-
tion reaction is divided into two parts:
The carbon that provides heat for carbon
reduction is:

4422.56

C2 — W X 12x = 134.86x g (44)

The carbon that provides heat for hydrogen
reduction is:

878.42
= 121 —x) =

Win2 = 35355 ¥ 12(1 = %) (45)
26.78(1 — x) g

It should be noted that if all are reduced by
hydrogen (x =0), Wy,» =26.78 g, and the
total carbon required for heating is W =
Wea + Wi, 2 = 134.86x 4 26.78(1 — x).

(2) The carbon consumption for carbon reduction
is We; =322.3x g.
Thus, the total carbon consumption is w¢ =
(322.3 + 134.86)x + (1 — x)26.78, g or > nc
:322.3+134.86 26.78(1 )= 381t

PAET)
2.23(1—x), mol.

2. Oxygen consumption and total oxygen in system

(1) The oxygen that provides heat for carbon
reduction is:
134.86
Vo,c = ——— x 0.0224x = 0.252x m’ (46)
0.252x
— =22. 1 4
Or no ¢ 0.0074 X 5x mo (47)

(2) The oxygen that provides heat for hydrogen
reduction is:

26.78 5

Vo,H, = ——— % 0.0224(1 — x) = 0.05(1 —x) m’
(48)
Or non, = % x 2 =4.46(1 — x) mol
(49)
(3) Oxygen from Fe,O5 reduced to 1 kg Fe
1O Fey 05 = x 1.5 = 26.86 mol (50)

0.05585
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The total oxygen in the system is

D no =26.86+225x+446(1 —x) mol  (51)

3. Hydrogen consumption and total hydrogen in system
The hydrogen required for reduction is the total
hydrogen in the system:

53.7
Vi, === x0. 0224(1 —x) = 0.6(1 — x) m®

(52)
Or Y ny= ? x2(1 —x) =53.7(1 —x) mol  (53)

4. Thermodynamic model of material balance equation.
The total Fe in the system is 1 kg or 17.9 mol. Thus, the
thermodynamic model-2’ of the material balance equa-
tion of Fe, O, C and H in the carbon and hydrogen co-
reduction system based on the Gibbs free energy
minimization principle is obtained, as shown in
Eqgs. (54) and (55).

minG = ZnG

nCGC + nF€203 X GFeZO3 + npe X GFe
o o
npeo X Gpeg + Nke;04 X G0, 1

c nco X Protal
nco X (GgO + RT In =
ny, + ny,o0 + nco + nco,

x ( GS. + RTIn nco, X Protal
CO: ny, + nm,o0 + neo + nco,

Zn, (GY +RTIng;) =

nco,

_|_

ny,0 X
n,0 X (Gy,o + RT In H,0 X Protal

ny, + n,o0 + nco + nco,

_|_

X
x (Gy, +RTn MtH, X Protal

ny, + ny, + Aco + nco,

(54)

2nFe,0, + NFe + NFe0 + 3nFe;0, = 17.9
3nFe,0, + NFeo + 4nFe;0, + Nico + 2nco, =
26.86 +22.48x + 4.46(1 — x)
nco + neo, + ne = 26.86x + 11.24x + 2.23(1 — x)
2ny, + 2np,0 = 53.7(1 — x)
(55)

3.2 Thermodynamic model of reduction of iron
oxide by carbon and hydrogen based
on Gibbs minimum free energy method
(Model-2')

In the system of reduction of iron oxide by carbon and

hydrogen, the amount of carbon and hydrogen required for
the reduction to 1 kg Fe can be obtained by setting the
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reduction fraction x of carbon and the total amount of each
element of C, O, Fe and H in the system. Without losing
generality, assuming that the reduction ratio borne by
carbon is x = 0.8, the initial conditions are substituted into
Eq. (55), and the calculation results of various cases can be
calculated according to thermodynamic Model-2'. A total
of 23 calculation systems are designed, as shown in
Tables 5 and 6.

In Table 5, ng re,0, is the amount of oxygen from iron
oxide; 1o Heai—c and 1o Hear—H, are the amount of oxygen
consumed to provide heat for the reduction by carbon and
hydrogen, respectively; > ng is the total amount of oxygen
in the system; ng.o and ng. are the amount of FeO and the
amount of Fe obtained by reduction at the equilibrium of
the system, respectively; nc reduc, 1CHeat—C»> NC Heat—H, and
> nc are the amount of carbon consumed as a reductant,
the carbon that provides heat for carbon reduction, the
carbon that provides heat for hydrogen reduction, and the
total carbon in the system, respectively; and > ny is the
total amount of hydrogen in the system.

In Table 6, nco, nco,, in, and ny,o are the amounts of
CO, CO,, H,, and H,O at the equilibrium of each reaction
in the system, respectively; and Vy, is the total amount of
H, required to reduce 1 ton of iron at 1873 K.

3.3 Analysis and discussion
3.3.1 Analysis of reduction at bottom of blast furnace

For No. 1 system, the total amounts of C, O, H and Fe in
the system are set according to the calculation results of
theoretical Model-1, i.e., stoichiometry, and then this
condition is substituted into thermodynamic Model-2 for
calculation. The results show that the reduction of iron
oxide is only 71.56%, and the remaining 5.37 mol exists in
the form of FeO.

Starting from No. 1 system, the conditions for the
completion of iron oxide reduction are studied from the
following two paths.

Based on No. 1 system, the amount of reductant
hydrogen is fixed at 10.74 mol. When the amount of
reductant carbon increases from 21.49 mol of No. 1 system
to 26.29 mol of No. 7 system, it can be seen from the
calculation results of Nos. 1-7 systems in Table 5 that iron
oxide will be completely reduced at this time. In the cal-

n].[2
1-7 systems, iy o

0.47, indicating that the reduction capacity of H, is greater
than that of CO at high temperatures, and H, reduction
reaction reaches equilibrium. When the carbon increases to

26.29 mol of No. 7 system, the value -, H 1s 0.797, and

FeO in the system is completely reduced to 1 kg iron (17.9
mol). It can be seen from the fork curve as shown in Fig. 5

culation results of Nos.

is always
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Table 5 Amount of each component when reduction reaction of iron oxide by carbon and hydrogen at bottom of blast furnace reaches

equilibrium (x = 0.8, 1873 K) (mol)

No. NnQ Fe,0; nQo Heat—C N, Heat—H, Z no NC reduc NC Heat—C NC Heat—H, Z nc Z ny NFeO Nre

1 26.86 17.98 0.89 45.74 21.49 8.99 0.45 30.93 10.74 5.37 12.81
2 26.86 17.98 0.89 45.74 22.29 8.99 0.45 31.73 10.74 4.40 13.73
3 26.86 17.98 0.89 45.74 23.09 8.99 0.45 32.53 10.74 343 14.65
4 26.86 17.98 0.89 45.74 23.89 8.99 0.45 33.33 10.74 2.46 15.57
5 26.86 17.98 0.89 45.74 24.69 8.99 0.45 34.13 10.74 1.49 16.49
6 26.86 17.98 0.89 45.74 25.49 8.99 0.45 34.93 10.74 0.51 17.42
7 26.86 17.98 0.89 45.74 26.29 8.99 0.45 35.73 10.74 0.00 17.9
8 26.86 17.98 0.89 45.74 21.49 8.99 0.45 30.93 12.74 4.84 13.31
9 26.86 17.98 0.89 45.74 21.49 8.99 0.45 30.93 14.74 4.30 13.82
10 26.86 17.98 0.89 45.74 21.49 8.99 0.45 30.93 18.74 3.24 14.83
11 26.86 17.98 0.89 45.74 21.49 8.99 0.45 30.93 22.74 2.18 15.84
12 26.86 17.98 0.89 45.74 21.49 8.99 0.45 30.93 26.74 1.12 16.84
13 26.86 17.98 0.89 45.74 21.49 8.99 0.45 30.93 30.74 0.05 17.85
14 26.86 17.98 0.89 45.74 21.49 8.99 0.45 30.93 31.74 0.00 17.9
15 26.86 17.98 0.89 45.74 27.09 8.99 0.45 36.53 31.74 0.00 17.9
16 26.86 17.98 0.89 45.74 28.69 8.99 0.45 38.13 31.74 0.00 17.9
17 26.86 17.98 0.89 45.74 29.49 8.99 0.45 38.93 31.74 0.00 17.9
18 26.86 17.98 0.89 45.74 30.29 8.99 0.45 39.73 31.74 0.00 17.9
19 26.86 17.98 0.89 45.74 31.89 8.99 0.45 41.33 31.74 0.00 17.9
20 26.86 17.98 0.89 45.74 33.49 8.99 0.45 42.93 31.74 0.00 17.9
21 26.86 17.98 0.89 45.74 34.29 8.99 0.45 43.73 31.74 0.00 17.9
22 26.86 17.98 0.89 45.74 35.89 8.99 0.45 45.33 31.74 0.00 17.9
23 26.86 17.98 0.89 45.74 36.69 8.99 0.45 46.13 31.74 0.00 17.9

"M of 0.797 is the characteristic of CO

nH, +1H,0

and CO, when FeO in the system is completely reduced.

Another path is that on the basis of No. 1 system, when
the amount of reductant carbon is fixed at 21.49 mol, and
the amount of reductant hydrogen increases from 10.74
mol of No. 1 system to 31.74 mol of No. 14 system, the
iron oxide can be completely reduced, as shown in the
calculation results of Nos. 1 and 8-14 systems in Table 5.
When the reductant hydrogen increases continuously, the

value of —€%— is always the non-equilibrium value of
nco+nco,

0.787, and the value of ——2— is also unchanged, which is
nH, +1H,0

that the value

always the equilibrium value of 0.47. However, at this
time, the amount of unreduced FeO continues to decrease,
and the amount of Fe continues to increase. When the
reductant hydrogen increased from 10.74 to 30.74 mol,
FeO was completely reduced.

It can be seen from Table 6 that when the reductant
hydrogen in the system continues to increase, the amount
of nco and nco, in Nos. 8—14 systems remains unchanged,

while the amount of ny, and ny,o continues to increase, but
nHz
Ny, +1H,0

indirect reduction process dominated by H, has been

the value

remains unchanged, indicating that the

moving in equilibrium under the condition of the value
" of 0.47 at 1600 °C, and leads the reduction process

nH, +1H,0

until FeO is completely reduced to Fe.

3.3.2 Variation of gas composition for continuing
to increase carbon after complete reduction of iron
oxides at bottom of blast furnace

From the carbon increasing path of Nos. 1-7 systems and
the hydrogen increasing path of Nos. 8-14 systems, no
matter carbon and hydrogen reducing agent is added, iron
oxide can be completely reduced. If the iron oxides are
completely reduced, what effect does the addition of car-
bon or hydrogen in the system have on the gas composition
formed at the bottom of the blast furnace? How will the
characteristics of the indirect reduction reactions that occur
with these gases change during the ascent? What is the
most reasonable hydrogen addition amount in the blast
furnace? And on what basis? What is the minimum energy
consumption for carbon and hydrogen reduction? All these
questions need to be answered by the calculation of ther-
modynamic Model-2’.
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Table 6 Consumption of carbon and hydrogen and gas composition when reduction reaction of iron oxide by carbon and hydrogen at bottom of

blast furnace reaches equilibrium (x = 0.8, 1873 K)

No. nco/mol nco, /mol ny, /mol ny,0/mol nco"f‘;mz nHz'f;Hzn we/ (kg t71) Vi, /(m? t71)
1 24.34 6.59 2.517 2.853 0.787 0.47 518.72 168.13
2 24.97 6.761 2.517 2.853 0.787 0.47 496.48 156.87
3 25.6 6.931 2.517 2.853 0.787 0.47 4717.04 147.01
4 26.22 7.101 2.517 2.853 0.787 0.47 459.89 138.33
5 26.85 7.212 2.517 2.853 0.788 0.47 444.65 130.61
6 27.48 7.442 2.517 2.853 0.787 0.47 430.78 123.64
7 28.48 7.24 2.517 2.853 0.797 0.47 428.83 120.32
8 24.34 6.59 2.985 3.385 0.787 0.47 499.23 191.95
9 24.34 6.59 3.454 3916 0.787 0.47 480.81 213.89
10 24.34 6.59 4.391 4.979 0.787 0.47 448.06 253.41
11 24.34 6.59 5.329 6.041 0.787 0.47 419.49 287.89
12 24.34 6.59 6.265 7.104 0.787 0.47 394.58 318.43
13 24.34 6.59 7.203 8.167 0.787 0.47 372.26 345.35
14 24.34 6.59 7.53 8.34 0.787 0.47 371.22 355.59
15 32.62 3.908 10.57 5.302 0.893 0.67 438.44 355.59
16 34.92 3.205 11.46 4.405 0.916 0.72 457.64 355.59
17 36.07 2.857 11.92 3.953 0.927 0.75 467.25 355.59
18 37.21 2.513 12.37 3.497 0.937 0.78 476.85 355.59
19 39.5 1.831 13.29 2.579 0.956 0.84 496.05 355.59
20 41.77 1.159 14.22 1.651 0.973 0.90 515.26 355.59
21 429 0.8261 14.69 1.184 0.981 0.93 524.86 355.59
22 45.16 0.1674 15.63 0.2426 0.996 0.98 544.07 355.59
23 45.73 0.001532 15.87 0.002371 1.000 1.00 553.67 355.59
nH2

From the calculation of No. 14 system, it can be inferred
that on the premise that the hydrogen-dominated indirect
reduction of iron oxides has been completed, the total
amount of reducing agent element hydrogen in the fixed
system is 30.74 mol, and the amount of reducing agent
carbon is increased from 21.49 to 31.69 mol. It can be

found that the ratios of —29 — and —=n

incr
nco+nco, nH, +1H,0 crease

simultaneously.

It can be seen from Figs. 5 and 6 that under the condi-
tion of 1873 K, when the iron oxide is completely reduced,
the increased carbon reacts with CO, and H,O as shown in
Eq. (3). The vertical coordinates pco and py, in Fig. 6
represent the relative partial pressures of CO and H,,
respectively.

C +H,0 =CO + H, (56)

If there is excess carbon at the temperature greater than
1300 K, CO, and H,O cannot exist stably and will be
completely gasified into CO and H,. This causes the values

of —0__ apd "%
nco+nco, nH, +1H,0

value of the “fork curve” and move toward 1. When the
amount of carbon in No. 23 system increases to 46.13 mol,

to move away from the equilibrium

@ Springer

the values of —2
nco+nco,

this time, the smelting at the bottom of the blast furnace
enters a new stage, that is, the carbon is saturated. If carbon
is added, the carbon will precipitate from the iron to form
carbides.

are both equal to 1. At

nHy +1Hy0

3.3.3 Excessive reduction capacity of CO and H,
and mechanism of indirect reduction at bottom
of blast furnace

Based on the analysis of the reduction process of iron
oxides at the bottom of the blast furnace, it can be found
that iron can be completely reduced regardless of the path
of carbon increase and hydrogen increase, but the com-
position and excessive reduction capacity of the gas pro-
duced by the reduction are different. For different systems,
the comprehensive energy consumption after indirect
reduction in the bottom reduction and ascending processes,
the gas composition and the excessive reduction capacity at
the bottom of the blast furnace were calculated respec-
tively, and the results are listed in Table 3.
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Tables 5 and 6 are the gas components produced by the
reduction reaction at the bottom of the blast furnace at
1600 °C for the different systems designed. For different
nHZ

are different.
nH, +1H,0

systems, the values of —/<©
nco+nco,

When these gases rise to 600 °C in the upper part of the
blast furnace, the characteristics of the system equilibrium

after indirect reduction are —29— —=0.52 and
nco+nco,

nH,
NH, +1H,0

Similar to Eq. (56), the excessive reduction capacity of
hydrogen is defined as Eq. (57)

Anco = nco — 0.52(71(:0 + ncoz) (57)
AnH2 = l’lH2 — 075(nH2 + I/leo) (58)

Equations (56) and (57) are the moles of CO and H, that
can be used for reduction by the gas rising from the bottom
of the blast furnace (1600 °C) to the top (600 °C),
respectively.

The sum of the excessive reduction capacity of CO and
H, represents the comprehensive excess value of the
reducing capacity in the bottom system, and the total
number of moles of gas that can be used for reduction in
the process of the gas rising from the bottom of the blast
furnace to the top.

From the stoichiometric relationship of Eq. (58) for the
indirect reduction of iron oxides by CO and H,, it can be
seen that 1 mol of CO (or H,) is reduced to 2/3 mol (or
0.667 mol) of Fe.

= 0.75, respectively.

1 2
CO(H,) + 3 Fe;03 = S Fe + COy(H,0) (59)

In addition, the comprehensive residual excessive
reduction capacity of the gas components at the bottom of
the blast furnace of each system in Table 5 can be

100
90

| —e—CO

10 - —=—H,

200 400 600 800 1000 1200 1400 1600
Temperature/°C

Fig. 5 Equilibrium diagram of iron oxide reduction by CO and H, [5]

calculated when the iron oxide is reduced in equilibrium by
carbon and hydrogen. However, for different reducing
agent increasing paths, the comprehensive excessive
reduction capacity changes in different laws, and the
energy consumption per ton of steel based on reducing
agent is also different, which is manifested in four aspects:

(1) Starting from No. 1 system, the amount of fixed
reducing agent hydrogen remains unchanged and
gradually increases to the amount of reducing agent
carbon in No. 7 system. The iron is completely
reduced, and the excessive reduction capacity of CO
and H, are Anco = 9.91 mol and
Any, = —1.51 mol, respectively. The excessive
reduction capacity of H, is always negative, so that
the comprehensive excessive reduction capacity is
An = 8.41 mol. When the gas at the bottom of the
blast furnace rises to the top, the amount of iron
reduced by the excessive reduction is

2
Wreg = 841 X 5 x 005585 x 1000 = 313 kg
(60)

In No. 7 system, under the condition that the bottom
of the blast furnace has been reduced to produce 1
ton of iron, 313 kg of iron is obtained through
indirect reduction during the process of gas rising
from the bottom to the top, and the amount of
reduced iron in the blast furnace is increased from 1
to 1.31 t. The consumption of reducing agent carbon
per ton of iron is 326.59 kg, and the consumption of
hydrogen is 91.63 kg.

(2) For Nos. 8-14 systems, when the amount of reduc-
ing agent carbon is kept at 21.49 mol and the amount
of reducing agent hydrogen gradually increases from
10.74 to 31.73 mol, 1 ton of iron at the bottom of the
blast furnace is completely reduced, but Anco is
always 8.26, and Any, continues to decrease from
— 1.79 to — 4.37, resulting in the reduction in the
comprehensive excessive reduction capacity from
6.46 to 3.88, which is lower than 8.40 of No. 7
system in the carburization path. The consumption of
carbon reductant per ton of iron in No. 14 system is
324.3 kg, which is 2.29 kg less than that in No. 7
system, but the consumption of hydrogen is 310.64
m>, which is 210.01 m> more than that in No. 7
system.

(3) On the basis of No. 14 system, when the amount of
hydrogen in the reducing agent remained at 31.73
mol, and the carbon in the reducing agent continued
to increase from 21.49 to 35.89 mol in No. 22
system, both Anco and Any, continued to increase,
and the excessive reduction of H, gradually became
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Fig. 6 Reaction equilibrium curve of CO,, H,O and C [9]. a Gasification reaction of CO, and C; b gasification reaction of H,O and C

positive value, which resulted in a continuous
increase in the combined excessive reduction value
to 25.32 mol. In terms of total energy consumption
per ton of iron, the consumptions of carbon and
hydrogen in No. 22 system were reduced to the
lowest value (i.e., 279.77 kg/t and 182.85 m3/t).

However, at this time, nco”ﬁgco =0.996 and
- 2
M — .98 are close to 1.
H, +71H,0

(4) When the amount of carbon increased from 35.89
mol in No. 22 system to 36.69 mol in No. 23 system,
both nco/(nco + I’lcoz) and I’le/(}’lH2 -+ nHzo)
increased to 1. The energy consumption structure
of 1t iron changed, and the carbon consumption
increased from 279.77 kg/t in No. 22 system to
281.47 kg/t, while hydrogen consumption decreased
from 182.85 to 180.77 m*/t. This shows that with the
increase in carbon, the total energy consumption of
iron oxide reduction is basically unchanged, and the
ratio of “carbon/hydrogen” in energy consumption
increases.

Based on the above analysis, two important conclusions
can be drawn. First, adding hydrogen in the blast furnace
will reduce the excessive reduction capacity of the bottom
gas, which leads to a decrease in the indirect reduction
capacity of the reducing gas in the process of rising from
the bottom to the top. Second, if hydrogen is added from
the bottom of the blast furnace when the reducing gas rises
to the top of the blast furnace, the limit of the hydrogen
—2 =1 —0.75 = 25%, which is

nH, +1H,0
also the maximum value of its replacement carbon reduc-
tion. This is an important parameter for carbon and
hydrogen reduction based on the thermodynamic theoreti-
cal model under the background of active research on
adding hydrogen to blast furnaces in various countries
around the world.

utilization rate is 1 —

@ Springer

Under the condition of blast furnace air injection, the
amount of oxygen used in Table 5 is converted into the
amount of air based on the replacement of oxygen by air.
The data with unit of mol of gas composition CO, CO,, H,,
H,O0, and N, in Tables 6 and 7 are converted to those in the
unit of m® based on 1 t iron obtained by reduction, as
shown in Table 8. Then, the volume fraction of each
gas component is obtained. V0, Vo,, and > Vg in
Table 8 are the gas volume amount of H,O, O,, and all gas
when reduction reaction reaches equilibrium at the bottom
of the blast furnace under condition of blast furnace air
injection, respectively, m>.

It can be seen from Table 8 that in a blast furnace with
an upper temperature of 600 °C, when the upper reaction is
completed, the concentrations of CO, CO,, H, and H,O in
the system are basically the same, but the amount of N, is
slightly different. The reason is that if the total consump-
tion of carbon in the system is small, the oxygen demand is
small, and the nitrogen brought into the blast furnace from
the air is small. Therefore, the proportion of N, in blast
furnace gas can be used as an important indicator of blast
furnace operation efficiency.

4 Operation evaluation of full carbon blast
furnace and hydrogen-rich blast furnace

In Sects. 2 and 3, 48 different systems were simulated for
the ironmaking process of full carbon blast furnace and
hydrogen-rich blast furnace by using the principle of
multivariate and multiphase equilibrium minimum free
energy. According to the principle of reaction stoichiom-
etry and heat balance, the material balance constraint for
minimum free energy was designed. Under the conditions
of the carbon reductant and the carbon and hydrogen
composite reductant, the composition of the gas phase
produced by the reduction of iron oxides in the lower part
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Table 7 Indirect reduction of carbon and hydrogen in rising process of reducing gas at bottom of blast furnace (x = 0.8, 1873 K)

No. Anco/mol Any, /mol An/mol Wre,g/ (kg ) wre/(kg t71) we/ (kg t7) Vi, /(m® 1)
1 8.26 — 1.51 6.75 0.25 0.97 536.29 173.83
2 8.47 — 1.51 6.96 0.26 1.03 483.62 152.80
3 8.68 — 1.51 7.17 0.27 1.09 439.27 135.38
4 8.89 — 1.51 7.38 0.28 1.15 401.59 120.79
5 9.14 — 1.51 7.63 0.28 1.21 368.80 108.33
6 9.32 — 1.51 7.81 0.29 1.26 340.69 97.78
7 9.91 — 1.51 8.40 0.31 1.31 326.59 91.63
8 8.2 - 1.79 6.46 0.24 0.98 507.02 194.94
9 8.26 — 2.07 6.18 0.23 1.00 479.55 213.32
10 8.26 — 2.64 5.62 0.21 1.04 431.65 244.13
11 8.26 —3.20 5.06 0.19 1.07 390.79 268.19
12 8.26 — 3.76 4.49 0.17 1.11 356.03 287.32
13 8.26 —4.32 3.93 0.15 1.14 325.49 301.96
14 8.26 — 437 3.88 0.14 1.14 324.30 310.64
15 13.63 — 1.33 12.29 0.46 1.46 300.60 243.80
16 15.10 — 0.44 14.66 0.55 1.55 295.87 229.89
17 15.83 0.02 15.84 0.59 1.59 293.66 223.49
18 16.55 0.47 17.02 0.64 1.64 291.62 217.46
19 18.01 1.39 19.40 0.72 1.72 287.78 206.29
20 19.45 2.32 21.76 0.81 1.81 284.34 196.23
21 20.16 2.78 22.95 0.86 1.86 282.75 191.56
22 21.59 3.73 25.32 0.94 1.94 279.77 182.85
23 21.95 3.97 25.92 0.97 1.97 281.47 180.77

of the blast furnace was calculated, and the excessive
reduction capacity of the gas at the bottom of the blast
furnace was defined. Under the condition that the top
temperature of the blast furnace is 600 °C, the indirect
reduction of the gas at the bottom of the blast furnace when
it rises to the top is calculated. Combined with the bottom
reduction and the indirect reduction in the gas rising pro-
cess, the theoretical minimum energy consumption per ton
of iron of full carbon blast furnace and hydrogen-rich blast
furnace is 314.72 kg C and 279.77 kg C, 182.85 m> H,,
respectively. The influence of hydrogenation on the energy
consumption of blast furnace is obtained from the per-
spective of thermodynamic theory. According to the the-
oretical calculation results, the following will
comprehensively evaluate the energy consumption and
economic benefits of full carbon blast furnace and hydro-
gen-rich blast furnace.

For the full carbon blast furnace, Nos. 1-3, 8, 10, 12 and
15 systems in Tables 1—4 have not yet reached the reduc-
tion limitation, that is, the reduction has not been com-
pleted, and the following discussion will not be considered
for the time being. In No. 4 system, FeO disappears, and
the carbon consumption per ton of iron is 345.63 kg, which

is characterized by ,—¢0—
2

= 0.797. The corresponding

utilization rate of CO is 0.797 — (¢

nco+1co, ) furnacetop
0.797 — 0.520 = 27.7% Under the condition that the total
oxygen content of the system remains unchanged, the
carbon consumption was decreased with the increase in the
carbon content in the system. When the carbon content
increased to No. 23 system from No. 4 system, the carbon
consumption per ton of iron decreased to 314.72 kg, which

is characterized by nco”% = 1. And then, as the carbon
2

content in the system continues to increase, the value

—nco__ jg equal to 1, indicating that carbon cannot be
nco+nco,

added effectively, and the added carbon is manifested as
carbon precipitation. This shows that in the process of the
gas rising from the bottom of the blast furnace to the top,
the maximum utilization rate of CO can be increased to
48%, and the energy consumption per ton of iron can be as
low as 314.72 kg.

The completion of the reduction reaction at the bottom
of the hydrogen-rich blast furnace should satisfy the con-
ditions of 70— =0.797 and =2 =0460. In the

nco+nco, nH, +1H,0

progress of the gas rising from the bottom of the blast
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Table 8 Amount and fraction of each gas component when reduction reaction reaches equilibrium at bottom of blast furnace under condition of

blast furnace air injection

Veo Veo, Vy Vio K,
No. Vo, /m? 2V, fm3
m3 % m3 % m3 % m3 % m3 %
1 372.47 22 343.82 21 93.27 6 31.09 2 218.57 822.24 49 1662.90
2 360.03 23 33233 21 87.88 6 29.29 2 205.93 77470 49 1584.24
3 348.93 23 322.09 21 83.07 5 27.69 2 194.68 73235 48 1514.13
4 338.93 23 312.85 2 78.78 5 26.26 2 184.61 694.50 48 1451.32
5 329.07 24 303.76 2 74.83 5 24.94 2 17535 659.64 47 1392.24
6 32170 24 296.96 2 71.35 5 23.78 2 167.20 628.98 47 1342.77
7 316.86 24 292.49 22 68.71 5 22.90 2 161.00 605.68 46 1306.64
8 365.89 22 337.75 20 108.68 7 36.23 2 214.71 807.71 49 1656.26
9 359.32 22 331.68 20 123.49 7 41.16 2 210.85 793.22 48 1648.88
10 347.07 21 32038 20 151.65 9 50.55 3 203.67 766.17 47 1635.82
1 335.62 21 309.80 19 177.94 1 59.31 4 196.94 740.88 46 1623.56
12 325.07 20 300.07 19 202.65 13 67.55 4 19075 717.60 4 1612.94
13 315.01 20 29078 18 22577 14 75.26 5 184.85 695.39 43 1602.21
14 31473 20 290.52 18 23292 14 77.64 5 184.69 694.78 43 1610.59
15 291.72 22 269.28 20 182.82 14 60.94 5 144.95 545.28 40 1350.04
16 287.10 22 265.01 20 172.31 13 57.44 4 136.68 514.17 40 1296.03
17 284.97 22 263.05 21 167.60 13 55.87 4 132.87 499.85 39 1271.34
18 282.96 23 261.20 21 163.02 13 54.34 4 129.29 486.38 39 1247.90
19 279.29 23 25781 21 154.66 13 51.55 4 122,65 46139 38 1204.71
20 275.94 24 25472 2 147.14 13 49.05 4 116.67 438.89 38 1165.74
21 274.38 24 253.27 2 143.67 13 47.89 4 113.89 428.45 37 1147.66
2 271.50 24 250,61 2 137.12 12 45.71 4 10871 408.97 37 111391
23 270.80 24 249.97 23 135.56 12 45.19 4 107.48 404.31 37 1105.83
furnace to the top, due to (nco"%co) = 0.520 and The mass of iron reduced by the added H, is
2/ furnacetop

= 0.750, the utilization rates of CO and

and 0.460 —0.750 =

()

"y T 0 furnacetop
H, are 0.797 —0.520 =27.7%
—29.0%, respectively.

The two types of blast furnaces are evaluated from the
perspective of energy consumption and economy.

(1) Full carbon blast furnace

The theoretical minimum of energy consumption per
ton of iron is 314.72 kg C, and the oxygen per ton of iron is
133.9 m’.

(2) 80% C and 20% H, for hydrogen-rich blast furnace

The theoretical minimum energy consumption is 279.77
kg C and 182.85 m> H,, respectively, and the oxygen per
ton of iron is 108.71 m>.

Under the condition that the reducing agent composition
at the bottom of the blast furnace is 80% C and 20% H,, the
used amount of H, per ton of iron is 182.85 m>, and the
amount of H, actually participating in the indirect reduc-
tion is only 182.85 x 25% = 45.7 m>. Taking reactions (2)
and (3) as an example, the amount of H, reducing agent
required to reduce 1 kg of iron is

6 x 1000

=53.7
111.7

g=0.6m (61)
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% =76.2 kg.

The above analysis results show that when 182.85 m®
H, is added in the hydrogen-rich blast furnace with 20%
hydrogen reducing agent, only 45.7 m> H, participates in
the reduction, and the remaining 137.15 m> H, enters the
blast furnace gas. Meanwhile, the reduction efficiency of
carbon per kilogram of carbon is 190-782 — 3.3 kg Fe.

From the comparison results of the economic benefits of
the full-carbon reductant blast furnace and the carbon and
hydrogen reductant blast furnaces, it can be seen that at the
theoretical minimum energy consumption, 182.85 m> H, in
the hydrogen-rich  blast furnace only replaces
(314.72 — 279.77) = 34.95 kg C. Thus, it can be seen that
hydrogen-rich blast furnace increases reduction costs,
unless access to hydrogen is very easy or free.

5 Conclusions

1. Sufficient carbon content at the bottom of the blast
furnace is the basic condition to ensure the lowest
energy consumption in all-carbon blast furnaces and
hydrogen-rich blast furnaces. Under the condition that
the bottom temperature is 1600 °C, sufficient excess
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carbon can make CO, and H,O have a complete
chemical reaction at the bottom of the furnace, and
convert them into CO and H,, so as to obtain the
maximum excessive reduction capacity of thermody-
namics. When the excessive reduction capacity of the
reductant based on carbon at the bottom of the blast
furnace is at its maximum, the CO utilization rate is
48% and the hydrogen utilization rate is only 25%
during the process of the reducing gas rising from the
bottom to the top.

2. Theoretically, the minimum energy consumption per
ton of Fe during full carbon blast furnace reduction is
314.72 kg C. The minimum consumption of H, per ton
of iron is 182.85 m® in hydrogen-rich blast furnace
which has a ratio of carbon and hydrogen reducing
agents of 4/1. If the theoretical minimum energy
consumption is considered, compared with the full
carbon blast furnace, the hydrogen-rich blast furnace
only replaces 34.95 kg C with 182.85 m’ H,.
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