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Abstract: The electric arc furnace operation at the Štore Steel company, one of the largest flat spring
steel producers in Europe, consists of charging, melting, refining the chemical composition, adjusting
the temperature, and tapping. Knowledge of the consumed energy within the individual electric arc
operation steps is essential. The electric energy consumption during melting and refining was analyzed
including the maintenance and technological delays. In modeling the electric energy consumption,
25 parameters were considered during melting (e.g., coke, dolomite, quantity), refining and tapping
(e.g., injected oxygen, carbon, and limestone quantity) that were selected from 3248 consecutively
produced batches in 2018. Two approaches were employed for the data analysis: linear regression and
genetic programming model. The linear regression model was used in the first randomly generated
generations of each of the 100 independent developed civilizations. More accurate models were
subsequently obtained during the simulated evolution. The average relative deviation of the linear
regression and the genetic programming model predictions from the experimental data were 3.60%
and 3.31%, respectively. Both models were subsequently validated by using data from 278 batches
produced in 2019, where the maintenance and the technological delays were below 20 minutes per
batch. It was possible, based on the linear regression and the genetically developed model, to calculate
that the average electric energy consumption could be reduced by up to 1.04% and 1.16%, respectively,
in the case of maintenance and other technological delays.
Keywords: steelmaking; electric arc furnace; consumption; electric energy; melting; refining; tapping;
modeling; linear regression; genetic programming

1. Introduction
The electric arc furnace (EAF) is a central element and the highest energy consumer in the recycled
steel processing industry. The EAF contains electric energy, with a moderate addition of chemical
energy, that is used for generating the required heat for the melting of recyclable scrap. The heat energy
is primarily generated by the burning arc between the electrodes and the scrap, or its melt. The EAF
consists of a shell (walls with water cooled panels and lower vessel), a heart (refractory material that
covers lower vessel), and a roof with the electrodes. A scheme of the EAF is presented in Figure 1 [1–3].
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The concept of an adaptive hydraulic control system of the electrode positions was proposed
in [26]. The underlying concept for adaptive control represents a simplified model of an EAF. The model
also takes into account the influences of process disturbances such as scrap manipulation and its
morphology. Several control algorithms are presented and critically assessed.
The dynamic control of an EAF is given in [27]. The electric arc model was divided into four
parts by also considering the gas burners (natural gas, oxygen), slag, molten steel, and solid scrap.
The developed model was used for predicting the chemical and electrical energy consumption while
changing the scrap quantities during the gradual charging of the EAF. The research showed that a
proper scrap charging strategy could reduce the energy consumption.
The decision support for the EAF operation was developed in [6] by using open source tools and
took into account different EAF operator strategies. The designed decision support system could be
integrated with complex EAF models.
The computationally reduced model of the EAF operation during only the refining stage was
elaborated in [28]. The typical mass-energy influential parameters were employed including the
equipment failures. The MATLAB software was used in the simulations. The authors stated that
the model could be significantly improved with additional parameters (e.g., carbon concentration,
temperature).
The energy consumption during the refining stage was modeled in [21] by using a comprehensive
parameter analysis. The scrap melting evolution (i.e., quantities, timing) was also taken into account.
The model was validated in practice on a 40 t EAF.
The paper in [29] focused on modeling the tapping temperature. The energy consumption could
be optimized based on the consideration of the influential parameters. For modeling, an artificial
neural network was used that combined the final fuzzy interference function. In addition, the operator
strategies and experiences were taken into account.
A comprehensive approach toward the electric energy consumption of the EAF, used at the Štore
Steel steelmaking company, is elaborated in this work. The entire set of influential parameters during
all operation steps including maintenance and other technological delays in 2018 (3248 consecutively
produced batches) were taken into account. To predict the electric energy consumption during the
EAF operation, both linear regression and the genetic programming were used.
The rest of this paper is organized as follows. Typical processes related to the EAF used at the
Štore Steel company including data collection are presented first. Afterward, the related process data
from 3248 consecutive batches collected in 2018 were used to model the electric energy consumption
with linear regression and genetic programming. The validation of the modeling results was conducted
by using data from 278 batches (when the maintenance and other technological delays were below
20 minutes per batch), collected in 2019. The importance of the represented developments for the steel
industry is given in the conclusions.
2. Materials and Methods
The Štore Steel company is one of the major flat spring steel producers in Europe. The company
produces more than 1000 steel grades with different chemical compositions. The scrap is melted,
ladle treated, and continuously cast in billets. The cooled-down billets are reheated and rolled in
the continuous rolling plant. The rolled bars can be additionally straightened, examined, cut, sawn,
chamfered, drilled, and peeled in the cold finishing plant. The Štore Steel company is known for
its application of advanced artificial intelligence modeling tools [30] for better understanding and
optimization of the processes.
The production process at the Štore Steel company starts with a 60 t EAF. The scrap is delivered in
baskets by train from a scrapyard, located 300 m from the steel plant. The following types of scrap
steel are used for melting: E1 (old thick steel scrap); E2 (old thin steel scrap); E3 (thick new production
steel scrap); E8 (thin new production steel scrap); E40 (shredded steel scrap); scrapped non-alloyed
steel; low-alloyed steel (moderate content of Cr); and pig iron.
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The electric arc furnace is typically charged with three baskets. The first, second, and third
baskets have the capacity of 22–30 t, 15–20 t, and 6–15 t, respectively. Each individual charging lasts
approximately three minutes. The melting of the scrap after charging with the first, second, and third
baskets lasts approximately 20 min, 15 min, and 10 min, respectively.
The following activities are conducted before charging with the first basket: examination, cleaning
and reparation of the slag door and tapping spout with its refractory material; examination of the EAF
refractory linings and reparation of the linings with the dolomite or magnesite; examination of the
water-cooled panels; examination of the mast arm (which holds the electrodes); and the changing and
settings of the electrodes.
For the slag formation, coke, lime, and dolomite are also used, which are deposited before melting
the first basket. The slag insulation and protective ability expands the lifespan of the refractory
material, preventing the EAF roof from exposure, and shielding the cooling panels from the intensive
heat radiation.
Melting is conducted after swinging back the furnace roof. After lowering the electrodes, the
burning arc between the graphite electrodes and the scrap or the molten steel is established. After the
last basket has been melted, the EAF roof is swung off, and the remaining non-melted scrap is pushed
into the melt bath.
In order to speed up the melting process, oxygen and natural gas from wall-mounted combined
burners (natural gas) and injectors (oxygen, coke) are also used, in addition to the electric arc, to generate
the complementary chemical heat. After melting the last basket during the refining process, the oxygen
jets from the lances penetrate the slag and react with the liquid bath. In particular, the oxidation
with the carbon, phosphorous, and sulfur is important. The oxidized products are trapped by the
slag, which is removed through the slag doors by tilting the EAF backward. Afterward, the chemical
composition analysis is conducted. After the chemical composition changes, the tapping (i.e., tilting
the EAF forward) is conducted. The molten steel is charged into the ladle and consequently, the ladle
treatment is conducted (e.g., slag formation, chemical composition adjustments, melt stirring). Typical
delays during the refining process are connected with the chemical and temperature analysis, oxygen
blowing, changing of the steel grade (especially Ca-treated steels for its improved machinability),
and waiting for the lower electricity tariff.
In the present research, 26 process parameters including the electric energy consumption were
considered. The data were taken from 3248 consecutively produced batches at the Štore Steel company
during 2018. The dataset was composed of:
-

Melting:
#

the considered process parameters were:









#

coke (kg): used for protective slag formation,
lime (kg): used for protective slag formation,
dolomite [kg]: used for protective slag formation,
E-type scrap (kg),
low-alloyed steel (moderate content of Cr) (kg),
packets of scrap (kg),
oxygen consumption (Nm3 ) used for cutting the scrap and its combustion and
forming the slag (important component of slag is FeO), and
natural gas consumption (Nm3 ) used for heating the scrap.

The considered maintenance and other technological delays are:



lime addition (min): the additional time needed for lime addition,
scrap charging (min): the additional time needed for charging of the electric arc
furnace with scrap,
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-

reparation of the linings with the dolomite or magnesite (min): the additional time
needed for reparation of the refractory linings of the heart of the electric arc furnace,
electrode settings (min): the additional time needed for electrode settings
and replacing,
other technological delays (min): the additional delays due to, for example, the
maintenance of a dust collector, water cooling system, or overhead cranes,

Refining and tapping:
#

the considered process parameters are:







#

oxygen consumption (Nm3 ),which is used for uniform melt temperature distribution
for removing the unwanted chemical elements such as sulfur or phosphorus,
limestone (kg), which is used for slag creation,
carbon content obtained by the first chemical composition analysis (%),
nominal final carbon content (%) where the melt can be used for producing several
different grades of steel in further processing steps; the possibilities are determined
from the first chemical composition analysis, and
carbon powder (kg), which is used for carbonizing and additional slag formation,

the considered maintenance and other technological delays:










-

5 of 13

chemical analysis delay (min): there can be problems with the sampling or the
chemical analysis has to be repeated,
temperature and oxygen analysis delay (min): there can be problems with the
sampling or the automatic lance used for the analysis,
extended refining (min): due to the chemical analysis and the temperature
adjustments, the refining process needs to be extended in order to achieve a
proper chemical composition and a proper temperature before tapping,
delay due to Ca-treated steel production (min): to produce Ca-treated steel, proper
oxygen content is needed before tapping; in addition, the spout wear and geometry
are important,
delay due to waiting for a lower electricity tariff (min): during the higher electricity
tariff period (from 6:00 to 8:00 a.m.), the production in the steel plant stops,
delay due to steel grade changing (min): based on the first chemical analysis, the
steel grade can be changed according to the foreseen planned production,
delay during tapping (min): delays can occur due to spout maintenance or spout
blocking, ladle treatment and casting coordination and management, and, last but
not least,

Electric energy consumption (MWh).

The average values and the standard deviation of the individual parameters are presented in
Table 1.
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Table 1. The average values and the standard deviation of the individual parameters from 3248
consecutively produced batches at the Štore Steel company in 2018.
Parameter

Abbreviation

Average

Standard Deviation

Coke (kg)
Lime (kg)
Dolomite (kg)
E-type scrap (kg)
Low-alloyed steel (moderate content of cr) (kg)
Packets of scrap (kg)
Oxygen consumption (Nm3 )
Natural gas consumption (Nm3 )
Lime addition (min)
Scrap charging (min)
Reparation of the linings with the dolomite or
magnesite (min)
Electrode settings (min)
Other technological delays (min)
Oxygen consumption (Mm3 )
Limestone (kg)
Carbon content obtained by the first chemical
composition analysis (%)
Required, final carbon content (%)
Carbon powder (kg)
Chemical analysis delay (min)
Temperature and oxygen analysis delay (min)
Extended refining (min)
Delay due to Ca-treated steel production (min)
Delay due to waiting for lower electricity
tariff (min)
Delay due to steel grade changing (min)
Delay during tapping (min)

COKE
CAO
CAOMGO
E_SCRAP
SCRAP_BLUE
SCRAP_PACK
OXYGEN_MELTING
GAS
CACO3_T
SCRAP_MANIPULATION_T

814.27
998.16
703.74
42.54
6.19
7.03
1220.50
442.01
0.13
0.93

89.35
90.20
123.23
5.32
5.17
3.99
117.67
61.36
0.82
1.75

REPARATION_MAINT

1.23

7.03

ELECTRODE_MANIPULATION_T
OTHER_T
OXYGEN_REFINING
CACO3

1.99
5.48
459.00
72.75

6.58
42.44
115.81
185.92

C_1

0.23

0.14

C_REQUIRED
C
CHEMICAL_ANALYSIS_T
OXYGEN_TIME_ANALYSIS_T
REFINING_T
CA_TREATMENT_T

0.41
175.11
4.02
1.00
1.28
1.84

0.16
103.09
3.48
3.42
2.75
9.04

PEAK_TARIFFE_T

5.20

27.76

GRADE_CHANGING_T
TAPPING_T

2.87
0.97

9.13
3.95

3. EAF Electric Energy Consumption Modeling
Based on the collected data (Table 1), the prediction of the EAF electric energy consumption was
conducted by using linear regression and genetic programming. For the fitness function, the average
relative deviation between the predicted and the experimental data was selected. The fitness function
is defined as:
Pn |Qi −Q0 i |
∆=

i=1

Qi

n

,

(1)

where n is the size of the collected data and Qi and Q0 i stand for the actual and the predicted electric
energy consumption, respectively.
3.1. Linear Regression Modeling
The linear regression analysis results demonstrated that the model significantly predicted the
electric energy consumption (p < 0.05, ANOVA) and that 63.60% of the total variances could be
explained by independent variables variances (R-square). Out of the 25 independent parameters
considered, only the following were not significantly influential (p > 0.05): lime, dolomite, scrap
charging, chemical analysis delay, temperature and oxygen analysis delay, and delay during tapping.
The deduced linear regression model is:
COKE·

0.002 + E_SCRAP·0.152 + SCRAP_BLUE·0.198 + SCRAP_PACK·0.195
+OXYGEN_MELTING·0.003 + GAS·0.005 + CACO3_T·0.075
+SCRAP_MANIPULATION_T·0.003 + REPARATION_MAINT·0.015
+ELECTRODE_MANIPULATION_T·0.015 + OTHER_T·0.004
+OXYGEN_REFINING·(−0.003) + CACO3·0.001 + C_1·0.73 + C_REQUIRED
·(−0.45) + C·0.007 + OXYGEN_TIME_ANALYSIS_T·0.007 + REFINING_T
·0.041 + CA_TREATMENT_T·0.013 + PEAK_TARIFFE_T·0.011
+GRADE_CHANGING_T·0.012 + TAPPING_T·0.005 + 8.2872.

(2)
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The average and maximal relative deviation from the experimental data was 3.60% and 36.75%,
respectively. The calculated influences of the individual parameters (individual variables) on the
electric energy consumption are presented in Figure 2. It is possible to conclude that E-type scrap,
low-alloyed steel (moderate content of Cr), packets of scrap, oxygen consumption during melting,
natural
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obtained. Each result, obtained from an individual program from a generation, is compared with
the experimental data. The process of changing and evaluating the organisms is repeated until the
termination
criterion of the process is fulfilled.
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500.the
Outremaining
of these 500
programs),
50 were
the
same linear
regression size
model,
450organisms
organisms(computer
were randomly
generated
at
the beginning
the simulated
evolution.
Afterward,450
theorganisms
population
wasrandomly
changed with
the genetic
same linearofregression
model,
and the remaining
were
generated
at the
beginning (e.g.,
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simulated
evolution.
Afterward,
the population
was changed
with the models.
genetic
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without
introducing
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The best mathematical model obtained from 100 runs of genetic programming system was:

8.39083 + 0.001 ∙
3 + 0.00133 ∙
+ 0.013176 ∙
_ − 0.449208 ∙ _
+ 0.17427 ∙ _
+
0.005 ∙
+ 0.0241847 ∙
_
_ + 0.003 ∙
_
− 0.003858 ∙
_
+ 0.011 ∙
_
_ + 0.056 ∙
_ + 0.198 ∙
_
+ 0.195 ∙
_
+ 0.00297 ∙
∙ _
∙
_
+ _1 (0.738316 +
0.000198 ∙
+ 0.000792 ∙
+ 0.007 ∙
_ − 0.000594 ∙
_
+ 0.004 ∙
∙
_
) + (0.004954 +
0.000792 ∙
∙ _
∙
_
+ _1(0.002376 + 0.000044 ∙
_
∙
_
)).
_

(3)
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The best mathematical model obtained from 100 runs of genetic programming system was:
8.39083 + 0.001·CACO3 + 0.00133·CAOMGO + 0.013176·
CA_TREATMENT_T − 0.449208·C_REQUIRED + 0.17427·E_SCRAP+
0.005·GAS + 0.0241847·GRADE_CHANGING_T + 0.003·
OXYGEN_MELTING − 0.003858·OXYGEN_REFINING + 0.011·
PEAK_TARIFFE_T + 0.056·REFINING_T + 0.198·SCRAP_BLUE + 0.195·
SCRAP_PACK + 0.00297·C1 3 ·E_SCRAP·SCRAP_PACK + C_1(0.738316+
0.000198·CAOMGO + 0.000792·GAS + 0.007·OTHER_T − 0.000594·
OXYGEN_REFININIG + 0.004·OTHERT ·SCRAP_PACK) + C(0.004954+
0.000792·C1 2 ·C_REQUIRED·SCRAP_PACK + C_1(0.002376 + 0.000044·
C_REQUIRED·SCRAP_PACK)).
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4. Validation of the Modeling Results
Additional data were gathered in January 2019 (278 batches) when the maintenance and
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Table 2. The average values and the standard deviation of individual parameters from 3248
consecutively produced batches at the Štore Steel Ltd. in 2018.
Parameter

Average

Standard Deviation

Coke (kg)

800.58

68.56

Lime (kg)

989.06

105.04

Dolomite (kg)

696.31

59.42

E-type scrap (kg)

40.50

5.22

Low-alloyed steel (moderate content of cr) (kg)

7.41

4.95
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Table 2. The average values and the standard deviation of individual parameters from 3248 consecutively
produced batches at the Štore Steel Ltd. in 2018.
Parameter

Average

Standard Deviation

Coke (kg)
Lime (kg)
Dolomite (kg)
E-type scrap (kg)
Low-alloyed steel (moderate content of cr) (kg)
Packets of scrap (kg)
Oxygen consumption (Nm3 )
Natural gas consumption (Nm3 )
Lime addition (min)
Scrap charging (min)
Reparation of the linings with the dolomite or
magnesite (min)
Electrode settings (min)
Other technological delays (min)
Oxygen consumption (Mm3 )
Limestone (kg)
Carbon content obtained by the first chemical
composition analysis (%)
Required, final carbon content (%)
Coke (kg)
Chemical analysis delay (min)
Temperature and oxygen analysis delay (min)
Extended refining (min)
Delay due to Ca-treated steel production (min)
Delay due to waiting for lower electricity tariff (min)
Delay due to steel grade changing (min)
Delay during tapping (min)

800.58
989.06
696.31
40.50
7.41
7.67
1211.83
505.48
0.13
0.21

68.56
105.04
59.42
5.22
4.95
2.96
128.30
69.25
1.01
0.42

0.00

0.00

0.52
0.05
495.44
96.40

1.82
0.35
106.34
210.69

0.32

0.13

0.42
87.54
4.22
0.51
1.76
0.09
0.01
1.17
1.25

0.13
65.20
2.62
1.44
2.76
1.03
0.08
3.46
1.65

The average relative deviation between the experimental data and the linear regression model
was 3.65%, and that between the experimental data and the genetic programming model was 3.49%.
This is in accordance with the average relative deviation from the data obtained in 2018. Consequently,
we can conclude that the represented approach can be used as a precise EAF energy consumption tool
that also considers the maintenance and technological delays.
5. Conclusions
The prediction of the electric energy consumption of the EAF operation at the Štore Steel company
was presented. Twenty-five selected parameters from the individual production process steps in 2018
(3248 consecutively produced batches) were used for modeling. Two models were considered: the first
was based on linear regression, and the second was based on the more accurate genetic programming.
The average relative deviation of the models from the experimental data was 3.60% with the linear
regression model, and 3.31% with the genetic programming model, respectively.
Based on the linear regression results, it was possible to conclude that 63.60% of the total variances
could be explained by the variances of the independent variables. Based on the linear regression
model, it was possible to calculate that the average electric energy consumption could be reduced by
up to 1.04% in the case of maintenance and other technological delays, while on the other hand the
time savings represented 24.89% of the average tapping time. Out of the 25 independent parameters,
only lime, dolomite, scrap charging, chemical analysis delay, temperature and oxygen analysis delay,
and delay during tapping were not significantly influential (p > 0.05).
An in-house genetic programming system, coded in AutoLISP, which is integrated into AutoCAD,
was used to obtain 100 independent models for the prediction of the electric energy consumption
during the EAF operation. A population size of 500 organisms was chosen. Out of these 500 organisms
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(computer programs), 50 were from the same developed linear regression model, and the remaining
450 organisms were randomly generated at the beginning of the simulated evolution. Afterward,
the population was changed with the genetic operations (e.g., crossover) without introducing
additionally developed linear regression models. Only the best ones were used for analysis. The most
influential parameters (based on calculation) were dolomite, E-type scrap, low- alloyed steel (moderate
content of Cr), other technological delays, and coke injection during refining. It must be emphasized
that coke, lime, limestone, scrap charging, reparation of the linings with the dolomite or magnesite,
electrode settings, chemical analysis delay, oxygen and temperature analysis delay, and delay during
tapping were not considered in the genetically developed model.
Both models were also validated by using the data from 278 batches produced in 2019, when the
maintenance and the technological delays were below 20 minutes per batch. The average relative
deviation of the linear regression and genetic programming model prediction from the experimental
data were 3.56% and 3.49%, respectively. This was in accordance with the average relative deviations
from the data obtained in 2018.
The following points represent the highlights of our work:
-

For modeling the EAF electric energy consumption, 25 parameters were used.
Parameters involved melting (e.g., coke, dolomite, quantity), refining and tapping (e.g., injected
oxygen, carbon, and limestone quantity), maintenance, and technological delays.
The data from 3248 consecutively produced batches in 2018 were used.
For modeling, linear regression and genetic programming were used.
Both developed models were validated by using the data from 278 batches produced in 2019.
Both models showed that the electric energy consumption could be reduced by up to 1.16% with
the reduction of the maintenance and other technological delays.

In the future, a detailed analysis of charging and melting operation steps will be conducted
including the time-dependent electric energy, natural gas, oxygen, and coke consumption.
The represented approach is, with only slight modifications, practically applicable in a spectra
of different EAFs as well as in other steelmaking process steps.
Author Contributions: M.K.: conceptualization, methodology, investigation, data analysis, software, writing,
visualization; K.S.: conceptualization, investigation, data analysis, writing, editing, visualization; R.V.: software,
data mining, data analysis, review and editing; B.Š.: project management, data analysis, review and editing.
Funding: This research was funded by the Slovenian Grant Agency, grant numbers P2-0162 and J2-7197 and the
Štore-Steel Company (www.store-steel.si).
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