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Abstract: The NSGA-II algorithm was used to establish a multi-objective optimization model for
the oxygen enrichment rate of a blast furnace in terms of achieving a lower fuel ratio and higher
pulverized coal ratio. The model has the hearth temperature as the constraint condition and the
oxygen enrichment rate as the decision variable. The NSGA-II algorithm was used to obtain the
Pareto optimal solution of the multi-objective optimization scheme. The prediction effect of the
optimization scheme was then tested in industrial experiments. The results show that the optimal
setting of the oxygen enrichment rate predicted by the model was 2.70%, which provides an optimal
fuel ratio and pulverized coal ratio of 553.86 kg-tHM ! and 144.58 kg-tHM !, respectively. In actual
production, when the oxygen enrichment rate was set at 2.71%, an optimal fuel ratio and pulverized
coal ratio of 553.74 kg-tHM ! and 148.73 kg-tHM ~! were obtained. The relative error in the oxygen
enrichment rate between the model prediction and the actual prediction was 0.003%. The prediction
results of the model suggest a reduction in CO, emissions by 25,770.71 tons per year. The CO,
emission reduction in actual production was approximately 1.09 times the prediction of the model.

Keywords: fuel ratio; pulverized coal ratio; RBF neural network; NSGA-II algorithm; oxygen
enrichment rate setting; blast furnace

1. Introduction

Within the iron and steel industry, blast furnace (BF) ironmaking is the process that
consumes the most energy and emits the most CO, [1-3]. Reducing the fuel ratio (FR) of
BF could reduce the smelting cost, energy consumption, and emission of CO;. Ren et al.
described how oxygen enrichment was an important technical means of BF strengthened
smelting and that a high oxygen enrichment rate was beneficial to reducing the FR [4-0].
Yan et al. reported that a high oxygen enrichment rate was beneficial to improving the
pulverized coal ratio (PCR) and fuel structure [7,8]. Wu et al. considered that a higher
oxygen enrichment rate was beneficial to increasing the production and reducing the energy
consumption of BF [9-11]. Maarten Geerdes et al. considered that the best way to reduce
greenhouse gas emissions from the blast furnace-BOF route was to use high coal rates and
to make use of top gas efficiently [12]. A novel gas—solid suspension ironmaking process
with much less energy consumption and carbon dioxide emissions than the current blast
furnace technology had been development at the University of Utah. The proposed process
would reduce carbon dioxide emissions by 31-35% compared to the average blast furnace
process [13]. H. Helle et al. studied the economic advantages and emission reduction effect
of using biomass as partial substitute for fossil reductants in the blast furnace (BF) process
by simulation [14]. Additionally, with the development of computer technology, industrial
big data have become an important technical means to realize the intelligent transformation
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and upgrade of the manufacturing industry and have been widely used in industry [15-17].
Li et al. used an intelligent model to predict the burden distribution, pulverized coal
injection, parameter adjustment, and silicon content of BF [18-23]. However, there remain
unsolved problems. For example, the traditional empirical method was inexperienced
with regards to the rational control range of the oxygen enrichment rate, and the effect
of oxygen enrichment in reducing the CO, emission of BF has not been considered. In
blast furnace (BF) production, operators believe that increasing the oxygen enrichment
rate was conducive to reducing carbon ratio (CO, emissions decreases with reduction of
carbon ratio) by traditional experience, but it was lacking in scientific basis to prove it. The
paper wants to study the role of oxygen enrichment in reducing CO, emissions by the
establishment of an intelligent computing model. A new approach for reducing energy
use and carbon emissions was proposed for BE. It was important in terms of reducing
the carbon peak and achieving carbon neutrality to reduce carbon consumption through
oxygen enrichment and thus reducing the CO, emission of BE.

This paper determines the target conditions and constraint conditions of the correlation
model according to the production demand. By correlation analysis and a RBF neural
network prediction model, the main parameters, which affect the target condition and
constraint condition functions, were obtained. According to the operation principle of
BF, the target condition and constraint condition functions were restricted. Additionally,
then the multi-objective genetic algorithm was used to find the oxygen enrichment rate
setting when the carbon ratio was optimal, and the CO, emissions reduction was calculated
according to the carbon ratio. Finally, through industrial tests, the actual effect of CO,
emissions to reduce oxygen enrichment was examined.

2. Data Processing and Correlation Analysis

The parameters of a BF were stable and continuous in normal operation. It was, there-
fore, reasonable to use distribution-based outlier screening methods to process model data,
and the Pauta criterion (3¢ criterium) [24] was usually used in screening out distribution-
based outliers. One year of production data for a 4150 m3 BF operated by Baotou Steel
were collected, and, from these data, 270 sets were selected for modeling calculations after
data screening and repair using the Pauta criterion. Spearman’s correlation coefficient [25]
was used to reduce the data dimensionality and, thus, the difficulty of model calculation
in an analysis of linear association of the input variable and output variable. A radial
basis function (RBF) neural network [26] was used to establish a correlation model with
the FR and PCR of BF as optimization objectives, the hearth temperature as the constraint
condition, and the oxygen enrichment rate as the decision variable. The multi-objective
optimization of the model prediction results, based on the NSGA-II algorithm [27,28],
was then performed to obtain the Pareto optimal solution of the setting of the oxygen
enrichment rate.

2.1. Outlier Screening of the Production Data

The data that, according to the Pauta criterion, were missing or deviated from the
average arithmetical mean of the sample by more than 30 were considered abnormal data.
The standard deviation ¢ of the sample data was calculated as

o=\ L 0
i=1

where x; denotes the sample data, and i was the average value of the sample data.

Abnormal data were assigned a null value. The average arithmetical mean of the four
data before and four data after the null value were considered, which was used in place of
the abnormal datum in repairing the data.
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2.2. Analysis of the Linear Association of the Production Parameter

The use of all 16 input variables and four output variables in modeling would have a
high calculation cost and high complexity. Spearman’s algorithm was thus used to calculate
Spearman’s coefficient of correlation between the input variables and output variables to
reduce the data dimension and computational cost. Spearman’s correlation coefficient p
was calculated as

o= Yilx —x)(z}/i—y) . 2
\/Zi(xi—x) (yi—v)

where x; and y;, respectively, denote the samples of input variables and output variables,

and x, and y were, respectively, the mean values of the input and output variables.
The calculation results were given in Table 1. The modeling treats data with |p|> 0.15
as variables with good correlation and uses them as key variables in the correlation model.

Table 1. Spearman’s rank correlation coefficient.

Parameter Name FR PCR Hot Metal Temperature Hot Metal Silicon
(fy) (f2) (g1) Content (g)
Charging rate (1m7) —0.45 0.28 0.13 —0.15
Blast volume (1m1;) —0.28 0.49 —0.02 —0.36
Hot blast pressure (113) —0.10 0.60 0.30 0.12
Top pressure (1) —0.16 0.67 0.14 —0.03
Pressure difference (m5) 0.06 0.05 0.32 0.24
Air permeability resistance index (1) 0.21 —0.49 —0.02 0.20
Blast temperature (117) 0.14 0.59 0.13 0.00
Oxygen enriched rate (11g) 0.20 0.44 0.19 0.20
Coke rate (my) 0.41 —0.74 -0.27 0.03
Water temperature drop (i119) 0.31 —0.06 —0.10 0.07
Gas utilization efficiency (m11) —0.67 —0.02 0.16 0.04
(n — 1) Hot metal temperature (117) —0.06 0.29 0.10 —0.11
(n — 1) Hot metal silicon content (1;) 0.27 0.40 —0.05 —0.02
(n — 1) Hot metal manganese content (13) 0.05 0.17 —0.08 —-0.22
(n — 1) Hot metal phosphorus content (r14) 0.06 0.41 0.05 —0.05
(n — 1) Hot metal sulfur content (15) —0.25 0.27 0.27 0.12

Table 1 shows that there were 9 variables having better correlation with the FR f7,
namely, my, my, my, mg, mg, my, myg, 1, and ns, 13 variables having better correlation with
the PCR f,, namely, my, my, ms myg, mg, my, mg, mo, n1, 1, 3, 4, and ns, fice variables
having better correlation with the hot metal temperature g1, namely, ms, ms, mg, mg, and ns,
and six variables having better correlation with the hot metal silicon g, namely, m;, my,
ms, mg, mg, and n3. Further screening through model testing was required, and then the
optimal variable from the above variables was selected to establish a correlation model.

3. The Creation and Analysis of Correlation Model
3.1. RBF Neural Network Algorithm Principle

The RBF neural network [29] was a three-layer forward neural network. The network
performs well in approximating nonlinear functions. The hidden layer was nonlinear. The
input layer vector space was converted to the hidden layer space using a RBE. Through
converting the original linear inseparable problem into a linear separable problem, a linear
output was obtained from the output layer.

(1) The basis function of the RBF hidden layer was:

X —C
@i(Xp) = exp <_”p20_2|2>/ 3)
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wherei=1,2,3,...,mp=1,2,3,...,n,rwas the number of nodes in the hidden layer,
¢; was the ith node center of the hidden layer, o was a shape parameter of the ith center
vector, and || X}, — c;||, was a characterization of the Euclidean distance between X}, and c;.

(2) The basis function of the RBF output layer was:

vi=Dbj+ ) w;@;(Xp), (4)
i=1

wherej=1,2,3,...,s, wij denotes the output layer weights, and b]- was the threshold of the
output layer.

3.2. Construction and Analysis of the Correlation Model

(1) Constraint condition modeling

In BF production, the suitability of the FR and PCR were often measured in terms
of the hearth temperature. A higher FR and PCR correspond to more heat generated
and a higher hearth temperature, whereas a lower FR and PCR corresponds to less heat
generated and a lower furnace temperature. There were two ways of measuring the hearth
temperature, namely, by measuring hot metal temperature and hot metal silicon content.
The RBF neural network based on time series was used to establish the correlation model
of hot metal temperature and hot metal silicon content. The model structure was then
debugged according to the consistency between the predicted value and actual value.
Finally, four variables, namely, the pressure difference (15), oxygen enrichment rate (mmg),
sulfur content of the previous furnace (115), and hot blast pressure (1m3), were selected as
input variables in establishing the correlation model of the hot metal temperature. Five
variables, namely, the pressure difference (m5), oxygen enrichment rate (mg), charging
rate (mm1), blast volume (1m,), and manganese content of the previous hot metal (13), were
selected as input variables in establishing the silicon content correlation model. Following
parameter optimization, the correlation model of the hot metal temperature and silicon
content had 22 and 26 clustering centers respectively and better accuracy. The prediction
curve was shown in Figure 1. Introducing production experience, the correlation model of
the hot metal temperature and silicon content based on the RBF network were established
as

Hot metal temperature prediction Hot metal silicon content prediction

—— Actual output

— Prediction output

— Actual output
—Prediction output

0.7

0.6

Hot metal silicon content /%

0.4

40 60 80 0 20 40 60 80
Test times Test times

(a) (b)

Figure 1. Hot metal temperature and silicon content correlation model: (a) comparison between the
model prediction and actual hot metal temperature and (b) comparison between the model prediction
and actual hot metal silicon content.

N
g1(ms, mg, ns, mz) = by + '21 win@;(Xp)
1=

©)

N,
§2(ms, mg, my, n3, my) = by + ’21 wp®;i(Xp)

1=
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Model predictions for the temperature and silicon content of the hot metal were shown
in Figure 1. The predicted output of the model was consistent with the actual output. The
relative error between the prediction output of the temperature correlation model and
actual output was 0.002%, whereas the relative error between the prediction output of the
silicon content correlation model and actual output was 0.13%, and the relative errors were
all less than 5%, showing that the correlation models perform well.

(2) Target condition modeling

Combined with production practice, the RBF neural network, based on K-means clus-
tering, was used to establish the correlation model of FR and PCR with oxygen enrichment
rate (Conversion among CR, PCR, and FR was CR = FR — PCR, and the value of CR can
be determined by PCR and FR. Therefore, this paper chooses PCR and FR for modeling.
CR can also be used to replace PCR for modeling). After debugging the model structure,
according to the consistency between predictions and actual values, five variables, namely,
the charging rate (), silicon content of the previous hot metal (1), sulfur content of
the previous hot metal (115), top pressure (m4), and oxygen enrichment rate (mg), were
selected as input variables in establishing the FR correlation model. Six variables, namely,
the oxygen enrichment rate (mg), manganese content of the previous hot metal (13), sulfur
content of the previous hot metal (#15), top pressure (1m,), hot blast pressure (113), and air
permeability resistance index (m14), were selected as input variables in establishing the PCR
correlation model of the hot metal. Following parameter optimization, the correlation mod-
els of the FR and PCR had 18 and 22 clustering centers, respectively, and better accuracy.
The prediction curve was shown in Figure 2. Through introducing production experience,
correlation models of the FR and PCR based on the RBF network were established as

Fuel ratio prediction Coal ratio prediction
170
— Actual output — Actual output
— Prediction output — Prediction output
160
=
= 150
2
=
E 140
130
120
0 20 40 60 80 0 20 40 60 80
Test times Test times
(a) (b)

Figure 2. FR and PCR correlation model: (a) comparison between the model prediction and actual
FR and (b) comparison between the model prediction and actual PCR.

N
fi(ma, np, ns,my, mg) = bz + Y wizDi(Xp)
’:1N4 . (6)
fa(mg, n3, my, m3, me, n5) = by + '21 wi3D;i(Xp)

1=
Model predictions for the FR and PCR were shown in Figure 2. The prediction
output of the model was consistent with the actual output. The relative error between the
prediction output of the FR correlation model and the actual output was 0.01%, whereas the
relative error between the prediction output of the PCR correlation model and the actual
output was 0.05%. The relative errors were all less than 5%, showing that the correlation
models perform well.
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The absolute error, relative error, and hit rate of the correlation model were used to
verify the performance of the correlation model, as shown in Table 2.

Table 2. Evaluation indicators for model.

Hot Metal Hot Metal Silicon
-1 -1
Parameter Name FR/kg-t PCR/kg-t Temperature/°C Content/%
Absolute error 3.28 1.57 0.84 0.03
Relative error/% 0.01 0.05 0.002 0.13
Hit rate/% 90.00 70.00 100.00 73.33

Table 2 shows that the relative error and hit rate of the model predictions were within
a reasonable control range. The FR and hot metal temperature models had high hit rates of
90.00% and 100.00% and low relative errors of 0.01% and 0.002%, respectively, showing
their excellent performance. The PCR and hot metal silicon content models had hit rates
of 70.00% and 73.33% and relative errors of 0.05% and 0.13%, respectively, showing their
good performance. The absolute error in the prediction of the hot metal temperature model
was 0.85 °C, the absolute error in the prediction of the hot metal silicon content model
was 0.03%, the absolute error in the prediction of the PCR model was 1.62 kg-tHM !, and
the absolute error in the prediction of the FR model was 0.53 kg-tHM~!. The absolute
errors show good prediction performance of the constraint condition and target condition
modeling. Additionally, owing to the effect of BF blowing-down and abnormal furnace
condition, some predictions deviated from actual situation. If the relevant data were taken
as outliers to supplement or correct, although the consistency of the prediction can be
improved, there was an increase in the difference between the model prediction and the
actual situation, which reduces the accuracy of the subsequent multi-objective optimization
calculation. Therefore, to fit well with the actual situation, it was necessary to consider
reducing the hit rate of the correlation model appropriately, as well as not supplementing
or correcting the data of the blowing-down and abnormal furnace conditions.

4. Correlation Model Optimization Based on the NSGA-II Multi-Objective
Genetic Algorithm

4.1. Principle of NSGA-II Multi-Objective Genetic Algorithm

The elite strategy was introduced into the NSGA-II algorithm [30]. The method of
nondominated sorting mixed the excellent population of the father generation with its
offspring to effectively avoid the loss of excellent individuals in the parent population and
to ensure the superiority of next-generation fathers. The execution steps of the elite strategy
were presented in Figure 3.

Crowding degree comparison
operators

'—‘i‘
7
&

Pt

==
Y| -
=

Zn Z
Nondominated low crowding
sort distance

Qt+1

elite
screenin

low non-dominated
sorting level

L

N’
Pt: parent population

Pt+1: nextparent population

Qt: evolutionary offspring population

Zn: non-dominated solution set

Rt: parent population merges with evolutionary offspring population

Figure 3. Execution steps of the elite strategy.

The algorithm flow was as follows.
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(1) Combine the evolutionary offspring population (Q;) with the parent population (P;)
to constitute populations (R;) with a size of 2N.Then, sort the population (R;) in a
nondominated manner to find a series of nondominated sets (Z;) and calculate the
crowding degree of each individual.

(2) Z; was the optimal individual set with high rank and large aggregation distance for
the overall R; population. Put Z; in the new parent population Py, ;.

(3) If the P41 population was smaller than N, then the next nondominated set Z; needs
to be added to Py, until Z, was added to the nondominated set and the population
exceeds N. The crowding comparison operator was then used for each individual in
Zy,. Take the previous {num (Z,) — (num (P1) — N)} individuals so that the size of
the P;;1 population reaches N.

(4) Through genetic operators, such as selection, crossover, and mutation, the next parent
Py.1 generates a new offspring population Q1.

(5) The next parent P;,1 produces a new offspring population Q;.1 and merges it into a
new population R¢;1. The nondominated population was then reordered.

(6) Repeat steps (1)~(5) until the evolutionary algebra reaches the maximum evolutionary
algebra Geny,y. The final parent population was the optimal solution set of the
problem.

4.2. Multi-Objective Optimization Results and Analysis of the NSGA-1I Algorithm

Multi-objective optimization: the oxygen enrichment rate was used as a decision
variable in the optimization process, and the temperature and silicon content of the hot
metal were used as constraint conditions. Following BF operational experience, when the
reasonable range of the hot metal temperature was controlled at 1490-1510 °C, the silicon
content of the hot metal was controlled at 0.45-0.55%, and it was possible to maintain low
fuel consumption while keeping BF operation smooth. Otherwise, when adjusting the order
of variables of the model according to production experience, the reasonable constraint
range of the oxygen enrichment rate in decision variables was 1-4%. The multi-objective
optimization model was expressed as:

min f1(mq, ns, ny, My, mg)
max fp(mg, ns, my, mz, me, ns)
1490 < g1 (m5, ms, n5,m3) < 1510 (7)
0.45% < gZ(M5, mg,mq, My, 1’13) < 0.55%
1% < mg < 4%

The model population size was set at 90, the maximum evolutionary algebra was set
at 200, and the Pareto front curve obtained by solving decision variables was shown in
Figure 4. The abscissa F; was the FR, and the ordinate F, was the PCR.

144

d -~ o Pareto Front
A s

146 ~,

148 .

150 ~,

5 -
152 ~
154

Coalratio /kg-t-!
+

156 e

158 ~
160 ~.B

554 555 556 557 558

Fuel ratio /kg-t

Figure 4. Pareto optimal front curve of the multi-objective optimization model. (Point A and B were
the two endpoints of the curve).
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The Pareto front curve of the multi-objective optimization model shown in Figure 4
reveals that the FR was lower, but the coal ratio was higher at point A, whereas the FR was
higher, but the coal ratio was lower at point B. According to production experience, the
most reasonable scheme for improving the carbon ratio was ensuring a lower FR. Therefore,
the lower FR values of three points close to point A on the Pareto front curve were selected
as the optimal solution set, as shown in Table 3.

Table 3. Multi-objective optimization results.

Variable Name Current Level Multi-Objective Multi-Objective Multi-Objective
Optimization Value 1 Optimization Value 2 Optimization Value 3
Oxygen enriched rate/% 2.81 2.70 272 2.71
Hot metal temperature/°C 1500.00 1503.52 1503.47 1503.50
Hot metal silicon content/ % 0.51 0.45 0.45 0.45
FR/kg-t7! 555.21 553.86 553.92 553.88
PCR/kg-t™! 133.10 144.58 144.78 144.63
CR/kg-t™! 422.11 409.28 409.15 409.25

Table 3 shows that, among the three optimal solutions, the ideal FR and PCR can
be obtained under the constraint condition of a suitable hearth temperature. In the first
solution set, the FR was greatly reduced, and the PCR was high. According to production
experience, when the utilization of gas (nco) in the first solution set was 44%, the oxygen
enrichment rate was 2.70%, the optimal FR was 553.86 kg-tHM ™!, and hearth temperature
index was at a suitable level. The model FR was 1.35 kg-tHM ! lower than the current FR
of 555.21 kg-tHM !, and the model PCR was 6.58 kg-tHM ! higher than the current PCR
of 133.10 kg-tHM 1.

The value of calculation parameters: the effective volume of BF was 4150 m?, the
average utilization coefficient was 2.11 t-m~3.d~! (consider the effect of blowing-down),
the average carbon content of the fuel was 81.33%, carbon atoms have a molar mass of
12 g-mol~!, oxygen atoms have a molar mass of 16 g-mol~!, and CO, emissions were
expected to reduce by 25,770.71 ton per year. The calculation was written as:

44
2.11 x 4150 x 2 x 365 x 1.35 x 1073 x 81.33% x = 25,770.71(t/a). (8)

5. Application and Analysis of the Multi-Objective Optimization Results
5.1. Industrial Test of Multi-Objective Optimization Results

To verify the prediction of the model, 146 industrial tests were carried out on a 4150 m3
BF at Baotou Steel. Changes in the FR and PCR at different oxygen enrichment rates were
shown in Figure 5. It was difficult to obtain the relationship between the FR and PCR and
oxygen enrichment rate in Figure 5. Therefore, the FR and PCR were first converted into
index K and then compared. The hearth temperature and gas utilization rate corresponding
to the FR and PCR in the industrial test data in Figure 5 were different. Before calculating
the K value, it was necessary to convert the FR and PCR data in Figure 5 to under the same
silicon content and gas utilization rate condition.
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Figure 5. Results of the industrial test.
Let the ratio of FR to PCR be K, the K was calculated as:
K = Fr/PCR 9)

Equation (9) shows that smaller K corresponds to a better fuel structure of BE, lower
carbon consumption, and lower CO, emissions. According to the production experience for
BF [2], the FR increases approximately 5.00 kg-tHM ! for every 0.10% increase in the silicon
content of the hot metal, and the FR decreases by approximately 5.00 kg-tHM ! for every
1.00% increase in nco. From the 146 groups of experimental data in Figure 6, 37 groups of
data with the smallest K value (approximately 25% of the data size) were selected, and the
average oxygen enrichment rate of the group and the arithmetic average value of K were
used as the optimal solution in the industrial data. The results show that when the average
oxygen enrichment rate was 2.71%, the average K value was 3.72, the carbon consumption
of BF was lowest, the average FR was 553.74 kg-tHM !, and the average PCR was 148.73
kg-tHM L. The relative error between the optimal oxygen enrichment value predicted by
the model and the measured value obtained in the industrial test was 0.01%. This small
error was considered to be a measurement error. The measurement error of the oxygen
meter was 4-0.50%. The FR in the industrial test was 1.47 kg-tHM ! lower than the current
FR of 555.21 kg-tHM !, whereas the PCR in industrial tests was 10.73 kg-tHM ™! higher
than the current PCR of 133.10 kg-tHM~!. CO, emissions were expected to decrease by
28,137.80 tons per year. The calculation was written as:

5.800

5.300
¥ 48w
9 o
§ 4300 .e g, . o

,... ' . . LTIt

: I O . o

3.800 . P ARl e

3300

1.400 1.900 2.400 2,900 3.400 3.900

Oxygen enrichment rate /%

Figure 6. Effect of K for different oxygen enrichment rates.

44
2.11 x 4150 x 2 x 365 x 1.47 x 1073 x 81.33% x o= 28,137.80(t/a). (10)

The CO; emission reduction was approximately 1.09 times that predicted by the model.
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5.2. Analysis of Industrial Test Results

In the multi-objective optimization model of the NSGA-II algorithm based on the
correlation model, the Pareto optimal solution set for multi-objective optimization needs
to be determined by considering both the carbon consumption and carbon consumption
structure so as to determine the final optimization results. The trend of the curve in
Figure 6 shows that, under the present smelting conditions at Baotou Steel, when the
oxygen enrichment rate was controlled within a certain range, the FR decreases with an
increase in the oxygen enrichment rate, the reason being that, with an increase in the
oxygen enrichment rate, the CO concentration of BF gas increases, which was conducive to
indirect reduction, the energy utilization rate increases, and little carbon was consumed.
At this time, FR was low, and the structure of carbon consumption was reasonable, and
the CO, emission was reduced. However, when the oxygen enrichment rate increases
beyond a certain range, the FR increases with an increase in the oxygen enrichment rate,
the reason being that, with an increase in the oxygen enrichment rate, the consumption rate
of burden was accelerated, and its residence time in indirect reduction zone was shortened.
Additionally, the increase in oxygen enrichment will limit the increase in blast volume,
and the physical heat brought into the BF by the blast was relatively reduced, which will
eventually weaken the heating and reduction of the furnace burden. At this time, FR was
high, and the CO; emission was increased.

The calculation results of the multi-objective optimization model were consistent with
the industrial test results. The coincidence rate of the oxygen enrichment rate was 99.67%,
whereas the coincidence rate of the optimal FR was 99.98%. Figure 6 shows that too high
or too low oxygen enrichment leads to higher FR, and only by controlling the oxygen
enrichment rate within a certain range can FR be reduced. Carbon emissions also decrease
with the decrease in FR. The predicted effect of the optimization scheme obtained by the
model calculation was consistent with the practical application effect. This provides a new
research direction for the carbon reduction and emission reduction of super BFs, and the
approach can be adopted in related research on the same grade of BF and super BFs.

6. Conclusions

The model calculation results show that, when the multi-objective optimization value
of the oxygen enrichment rate was 2.70%, the optimal carbon ratio were obtained. On the
basis of the multi-objective optimization oxygen enrichment rate, it was expected that the
FR can be reduced by 1.35 kg-tHM~!, and CO, emissions can be reduced by 25,770.71 tons
per year. The industrial tests show that, when the oxygen enrichment rate was set close to
optimal result, the FR can be reduced by 1.47 kg-tHM !, and the annual CO, emission can
be reduced by 28,137.80 tons. The effect of the CO, emission reduction in BF production
was 1.09 times that in the model prediction. The relative error between the optimal oxygen
enrichment rate obtained by multi-objective optimization, and the industrial test result was
0.003%, whereas that for the fuel ratio was 0.02%. The multi-objective optimization model
prediction was consistent with the industrial test results. The goal of reducing carbon ratio
and CO, emissions can thus be achieved by setting a reasonable oxygen enrichment rate.

In addition, industrial test results show that it was very different from traditional
experience. A higher or lower oxygen enrichment rate leads to higher carbon ratios, and
only by controlling the oxygen enrichment rate within a certain range can the enrichment
rate play a role in reducing carbon ratio. For the existing smelting conditions of a BF at
Baotou Steel, the setting of a reasonable oxygen enrichment rate can improve the fuel
structure, save energy, and reduce CO; emissions.
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