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Optimization of the Electric Arc Furnace Process

Yadollah Saboohi, Amirhossein Fathi, Igor ékrjanc , and Vito Logar

Abstraci—This paper presents an electric arc furnace
(EAF) optimization framework intended to define optimal
control profiles for the EAF, in order to increase its efficiency
and thus reduce the energy consumption. The framework
aims to minimize controllable losses and to maximize
energy transfer to the bath and, consequently, minimize
the operational costs. This is achieved through improved
actuation of the EAF inputs, i.e., transformer power, oxygen
lancing, and carbon addition. To achieve maximal energy
transfer to the bath and to reduce the heat losses from
the arcs, proper properties of the slag, such as foaminess
and basicity, are a subject of considerable attention. The
framework is designed as a model-based optimization,
intended to be executed online in parallel to the actual EAF
process. In order to achieve sufficiently low computational
complexity and to allow process optimization by arbitrary
time intervals, the framework uses path constraints in-
stead of end-point constraints. A combination of several
optimization algorithms is used to solve the optimization
problem. The validation of the framework was performed
by comparing the predicted and the measured operational
variables. Simulation results show that optimized operation
profiles lead to a significant decrease in operational costs
and production times.

Index Terms—Dynamic optimization, electric arc furnace
(EAF), online optimization, optimization problem modeling,
profile optimization.

|. INTRODUCTION

LECTRIC arc furnaces (EAFs) are used in the steel-

making industry to produce a wide range of steel grades.
As the production of steel in EAFs is considerably cheaper as
in basic oxygen furnaces, in the last forty years, the amount of
the steel produced in EAFs has grown from 100 to 430 million
tons [1]. Since their beginning, the performance of the EAFs
has been considerably improved. Introduction of several ad-
vanced technologies, such as off gas [2], [3] and slag [2], [4]
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heat recovery, post-combustion, gas burners [5], oxygen lancing
[6], flexible alternating current transmission system instruments
[7], high power transformers [8], and bottom stirring, have led to
considerable decrease in energy consumption. A modern EAF
uses 400—470 kWh/ton of electrical energy. Nonetheless, further
improvements of the EAF operation are possible using different
additives and heat recovery systems [9], [10] as well as improved
control through optimized operational profiles.

A typical EAF is usually actuated according to the defined
melting profiles, which are determined in advance and mostly
rely to energy input and operator’s experience. To some extent,
the profiles are designed to achieve the highest efficiency of
the EAF; however, the predefined profiles do not consider fluc-
tuating EAF conditions. Furthermore, proper actuation of the
EAF is important to achieve appropriate slag characteristics,
which reduce energy consumption and noise, protect the walls
and water cooled panels, and contribute to the desired end-point
steel composition. Due to limited insight into the EAF pro-
cess, timely event onsets, such as charging, carbon injection,
and oxygen lancing, usually deviate from ideal times and di-
rectly or indirectly lead to decreased EAF efficiency. For this
reason, many studies investigating the EAF efficiency through
optimized control have been performed. The studies mostly rely
on mathematical models, which replicate the conditions inside
the EAF. Optimization approaches are mainly focused on the re-
duction of the energy consumption and can be divided into four
groups. The first group relates to the use of linear programming,
such as the research from Cardenas et al. [11] and Riesbeck
etal.[12]. The second group is oriented toward model-predictive
control, where studies of Bekker et al. [13], [14], Oosthuizen
et al. [15], and Wei et al. [16] appear. The third group utilizes
linear quadratic regulators to optimize the operation, such as the
research from Bai [17] and Snell [18]. The last group uses vari-
ous other approaches, such as the genetic algorithms (GAs) used
by Czapla et al. [19], commercial software used by MacRosty
and Swartz [20], [21] and Ghobara [22], and artificial neural
networks used by Gaji¢ et al. [23].

The literature review shows that only a few studies have been
focused on the optimization of the energy carriers over tap-to-
tap times (TTTs). The main reasons for that are probably two,
i.e., optimization problem modeling, where the goals are poorly
defined, and the implemented EAF models, which are often
oversimplified to be included in the optimization problems. The
used EAF models usually have the following drawbacks.

1) The lack of oxygen share estimation used to calculate the
released energy from exothermic reactions, slag height,
and masses of compounds and elements.

2) Numerical issues due to discrete charging of the EAFs.
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3) The lack of heat transfer estimation due to variations in
slag height, arc length, and bath height.

4) The lack of arc energy transfer estimation to other EAF
zones as a function of arc length and arc current.

The implementation of dynamic optimization problems usu-
ally follows the same pattern, i.e., integration of an appropriate
EAF model into the optimization problem, definition of con-
straints, and their implementation to the objective function. A
set of differential algebraic equations (DAEs) can be used to
define the optimization problem and can be solved using differ-
ent methods and software. However, such framework is likely
to be inefficient due to high computational loads caused by
an infinite dimensional feasible region and discontinuities as a
consequence of arc length, slag height, bath height, and input
variations. The later may cause different heat transfer maps and
can lead to nonconvex programming as a result of transferring
DAE optimization to nonlinear optimization. The framework
presented in this paper is intended to resolve these kinds of
issues. In order to develop an efficient EAF optimization frame-
work, a validated model [24] of a 105 ton EAF has been used
together with the measured operational EAF data.

Il. APPROACH

The aim of the presented optimization methodology is to
propose an improved EAF operation that ensures the production
of the steel with required characteristics in shorter time and with
lower energy consumption in comparison to its past operations.

The proposed calculations are in many cases based on the
so-called useful energy and useful power. The EAF produces
one main product (steel) and many byproducts (slag and off-
gas). The consumed energy is, therefore, distributed among the
three and different losses; however, only the energy and power
transferred to the steel bath can be considered as useful.

For the needs of solving the proposed optimization problem,
the EAF operation is divided into four stages. The first stage
starts at the beginning of the heat and lasts until minimal use-
ful energy consumption is reached, which ensures proper bath
temperature and mass at the beginning of stage four, assuming
that the EAF is properly actuated during second and third stages.
The second stage lasts until a semi-steady state is reached, which
can be detected when the rate of change of slag height is ap-
proaching zero. The third stage is related to semi-steady stage
operation and lasts until the refining (fourth) stage is achieved.
The fourth stage is related to refining and lasts until proper bath
temperature and composition are reached. The presented paper
covers the first three stages of the optimization, which have dif-
ferent governing equations as the refining stage. Presenting and
explaining the refining stage equations would excessively ex-
tend the paper; therefore, only short explanations of the refining
stage optimization are given where necessary.

The objective function, used to maximize the useful energy
profit per heat, consists of three measure indices, i.e., energy loss
minimization, useful energy maximization, and operational cost
minimization, forming a multiobjective optimization problem.
The later can be transformed into a single-objective optimization
by representing the first two objectives in monetary units. In this

TABLE |
EFFECT OF EAF INPUTS TO INCOMES IN THE OBJECTIVE FUNCTION
income from
useful energy material
direct effect indirect effect direct effect
inpmsthrough slag | Fe oxidation | Fe reduction
arc current
arc length
(67}
graphite
C

manner, the main goal of the objective function is to maximize
the benefit over all inputs.

Control of the EAF inputs can have a direct or indirect effect
on the incomes and costs related to the EAF operation as well as
to the objective function. Tables I and II represent the effect of
each input to the incomes and costs in the objective function.

As presented in Tables I and I1, incomes and costs are related
to energy and/or materials either being gained or lost. Thus, the
incomes are related to the inputs that increase useful energy,
such as arc currents and lengths, gas burners, and O2, C, and
graphite injection; and to the inputs that increase the mass of
steel (higher yield), such as graphite and C injection for the
decarburization process.

On the other hand, the costs are related to the inputs that
result in the energy being lost, such as arc currents and lengths,
and Oy, C, and graphite injection, whose part of the energy is
subjected to losses to walls, roof, gas, and water-cooled panels
through radiation and convection. The costs are also related to
the inputs that decrease the mass of steel (lower yield), such as
O lancing in the iron oxidation process.

As known, each batch of produced steel needs to conform
to the prescribed characteristics, needed to achieve a preferred
grade, primarily end-point steel temperature and composition.
Direct implementation of end-point constraints in optimization
framework results in relatively long prediction horizons and,
consequently, high computational complexity. For this reason,
the presented solution proposes a replacement of end-point con-
straints with path constraints for the first three stages of the opti-
mization. Path constraints ensure that conditions in an EAF at the
beginning of stage four facilitate to achieve the desired end-point
constraints when properly actuated. Implementation of path con-
straints on useful EAF power in the second and third stages is,
thus, similar as implementation of an end-point constraint on
temperature, however computationally significantly simpler.

The constraints, which need to be observed and satisfied, are
composed of two groups, i.e., common constraints and exclu-
sive constraints. The first group consists of technology-related
limitations, such as input limitations (power and flows), arc re-
sistances, and EAF volume. The second group consists of con-
straints for each stage of optimization, i.e., the first stage needs
no specific constraints; second and third stages need a definition
of useful power range; and the fourth stage needs a definition
of end-point steel temperature and composition. Furthermore,
limitations on slag quality are present at all four optimization
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TABLE Il
EFFECT OF EAF INPUTS TO COSTS IN THE OBJECTIVE FUNCTION
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Fig. 1. Conceptual framework of optimal EAF control.

stages, which ensure proper quality and height of the slag. Mini-
mal conditions to maintain foamy slag with appropriate basicity
are continuously checked by estimating the oxide percentages
in the slag while altering oxygen lancing and additive charging
rates. At the same time, maximum carbon rates are calculated
in order to maintain an acceptable bath composition at refin-
ing. Considering appropriate slag characteristics, other inputs
can be optimized in order to maximize the defined performance
measure. The concept of optimization framework is shown in
Fig. 1.

Termination of each stage is determined according to different
conditions, i.e., Q1, Q2, Q3, Q4, Scl, and Sc2, where the role
of each is as follows.

1) Q1 checks whether all volatile materials are consumed.
2) Q2 checks whether sufficient useful energy is provided
in order to achieve sufficient tapping temperature (also

considering the energy loss during charging), assuming
that all the following stages are properly actuated.

3) Q3 checks whether a semi-steady state of the operation
is reached, i.e., derivative of slag height approaches zero.

4) Q4 checks whether the vicinity of the refining tempera-
ture is reached.

5) Scl checks whether another scrap basket is prepared for
charging.

6) Sc2 estimates the suitable time to charge the prepared
basket, i.e., sufficient amount of steel in the furnace has
melted and useful furnace power is near the minimum
acceptable value.

Fig. 2 schematically shows the structure of the optimization
problem including the inputs to the EAF.

IIl. OPTIMIZATION PROBLEM MODELING

The following section describes the structure of the proposed
optimization. In general, optimization is divided into three opti-
mization problems, i.e., slag quality optimization in terms of its
foaminess, energy transfer optimization, and slag quality opti-
mization in terms of its basicity.

The notations used are similar as in our previous work [24],
i.e., Q,—y) represents the power transfer from zone x to zone
v, where the studied EAF zones are arc (arcs), sSc (solid scrap),
1Sc (liquid scrap), sSI (solid slag), IS (liquid slag), wall (brick),
water (water cooled panels), roof (roof), elec (electrodes), and
gas (gas). Superscripts of the variables represent the optimiza-
tion step, and line superscripts (7) of the variables show the
average predicted variable during the step.

A. Slag Quality Optimization—Foaminess

The first part of the optimization problem relates to proper
foaminess of the slag, which is needed to maintain the height
of the slag as close as possible to the length of the arcs. Both
excessive and insufficient slag amount lead to energy loss.

One way to predict the foaminess of the slag is to measure
its content of iron oxide (FeO). In this manner, proper oxygen
lancing can maintain the FeO between the upper and the lower
limits. The cost of maintaining proper slag foaminess through
oxygen lancing can be obtained as follows:

COStyjag foam = Priceo, Oh 't + M~y (D)
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Fig. 2. Structure of the optimization problem.

and the rate of O2 lancing can be obtained as follows:

e i+1
Z0,-Fe0 04" Mo2t L Mo + 4> LBreo
Fi
2Mpeo : Mmglag ¢
— i+1
Z0,-rc005 " Moa MFeO
t, + - S UBF O
2-Z\4FeO ’ Mmglag ¢

05 — A0, < 05! < 05 + A0,
LBy, < 03" < UBo,

7>0 )

where Costgjag-foam represents the cost of consumed O, to main-
tain a desired FeO content in the slag, O} represents Oy lancing
rate at step i, Pricegs,,,.. represents the price of Og, and M~y
represents a penalty product, where M represents a large number,
and v represents a value that needs to be added to the calculation
in order to satisfy the LBp.o or UBp.o constraint (the amount
of FeO in slag) for short times. In this manner, nonfeasible

solutions, in case of shortage or excess of O, lancing, are
avoided. Furthermore, =, _r.o represents a fraction of O, re-
acting with Fe to form FeO, Mg, and Mfy.o represent molar
masses of Oy and FeO, mp.o and mg),, represent the masses of
FeO and slag, LBo, and UBg, represent lower and upper limits
of O, lancing rate, AO, represents a permissible rate of change
of O lancing in each step, and ¢, represents the sampling time.
Injection of carbon represents an important addition to the
EAF process, which affects several processes during melting,
slag foaming through CO among others. However, excessive C
injection can lead to surpassed C content in the bath at tapping.
Therefore, the maximum carbon rate should be limited not to
exceed its maximum acceptable percentage at the end of the
TTT. The condition in order to obtain the maximum carbon
injection rate in each optimization step is shown as follows:

()

s

Max 3 CL

[
inj
Jj=1

3

where C’;I;-i” represents the prediction of the C injection rate
in the future (i, steps further from the current step i). The

conditions that need to be satisfied are given as follows:

TTT
Ccharged + CO - / (mC—L + mC—D) dt S UBCinSteel
0

- o
Ol ACy < O <ol E A,
LBc,, <C,;" <UBc,,
TTT
S

where Cepargea represents the charged C, Cy represents the
initial C contained in scrap, m¢—; and ro—p represent the
consumed C that was injected or already dissolved, respectively
[24], UBc(insteel represents the maximum acceptable amount of
C at tapping, AC},; represents a permissible rate of change of
C injection in each step, and LB, . and UBc,, ; represent the
lower and the upper limits of C injection rate.

B. Energy Transfer Optimization

The second part of the optimization problem relates to the
definition of optimal energy input, with respect to both limita-
tions for this optimization level and also on carbon and oxygen
additions defined in the previous section.

The objective function is a combination of income sums and
cost sums represented by each of the inputs described as follows:

maxg E Income;, — E Cost;y,
in n

m

(&)

where in represents the input, n represents all incomes from input
in, and m represents all costs from input in. The contribution
of each input to the objective function is obtained according to
Tables I and II and the following equations.

The price of useful energy (Pyp) used in several equations
is determined according to the scrap price (Ps.), molten steel
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price at the beginning of the refining stage (Pgicc1) and the
required useful energy (1) described as follows:

_—Ps c
Pyp = —eel s8¢ (6)

where the required useful energy Yis calculated as a difference
between the internal energy of the scrap at charging and the
internal energy of the molten steel at the beginning of the refining
stage.

Proper quality and height of the slag represent a crucial part
in optimal EAF control. Fluctuations in its height lead to dif-
ferent dimensions of the interacting surfaces, i.e., contact areas
between the slag and other zones, causing different energy trans-
fers between them. Different heights of the slag also affect the
view factors and the radiative heat transfers. Therefore, each
change in the height of the slag leads to variations in incomes
and costs of the objective function. Among others, the task of
the optimization procedure is to find the optimal height of the
slag, by controlling carbon and oxygen addition, in order to
maximize the incomes and to minimize the costs.

In some equations, slag, despite its beneficiary effects to the
EAF operation, appears as the cost when liquid slag is in contact
with the side walls. In such case, the slag’s internal energy, which
could be transferred to the steel, is actually being lost to walls.
This would not have happened if the slag was not in contact
with the walls, regardless of its positive effects. The beneficial
effect of the slag is taken into the account in income equations,
where a proper height of the slag increases the incomes from
the particular input and also reduces its costs, due to, e.g., less
radiation.

The following five sections describe the contribution of each
EAF input to the incomes and the costs in the objective function.

1) Contribution of Arc Length and Current: Shares of arc
energy received by the scrap, slag, gas, wall, and roof can be
estimated by two independent variables, i.e., arc length and arc
current [24]. The income related to the arcs can be obtained as
follows:

1
Qarc—lSc + *UISI—IScQarC—ISI ts @)

Income,,. = Pyp 5

where Q,c_isc represents the arc power directly transferred to
molten steel by conduction, 751_15. Qarc—151 represents the arc
power indirectly transferred to molten steel through the slag.
One half of the indirect income is assumed to attribute to arc
energy, while the other half of the arc energy is assumed to be
consumed for the formation of the slag.

The costs related to the arcs can be obtained as follows:

COStarc = PUP Ths1—1Sc [Qarcfwall + Qarcfwater
+ Qarcfroof + Qarcfgas} ts + PelQarcts (8)

where 15115 represents the percentage, which determines the
amount of energy transferred from liquid slag to molten steel,
Qarc—walla Qarc—water, Qarc—roof’ and Qarcfgas represent the powers
transferred from the arcs to walls, water-cooled panels, roof,
and gas, P, represents the price of electrical energy, and Q.
represents the total power of the arcs.

2) Contribution of Carbonaceous Materials: Carbona-
ceous materials are usually used to reduce the FeO to Fe and
increase the overall Fe yield. The incomes of carbonaceous ma-
terials are related to slag formation, which covers the arcs, to
the released iron from decarburization reactions (higher yield)
and also to the released energy of carbon oxidation and can be
obtained as follows:
it+1

1 Slagc —arc MFC
Incomec = EUISI—IS(:PUPQMC—ISIW + PsteelMic
+ (Puppc-se + msi-iscPup (1 — oo -ise))
i+1 i+1
X Cinj chtoz ZCJF,OQ ts (9)
where hit! represents the length of the arcs at the i + 1 step,
i+1

Slage arc Tepresents the height of the slag at the i 4 1 step,
which is a consequence of C addition, ¢ _is. is a fraction of
chemical power transferred to molten steel, K é*_log represents
a fraction of C, which reacts with O,, and Qictloz represents
the released combustion power of C per kg.

The costs related to carbonaceous materials addition are a
consequence of their purchase expenses, energy consumption
due to endothermic reactions, and energy transfer from slag to
walls, electrodes, and water-cooled panels and can be obtained
as follows:

Coste = |Po (—ml"L..) + (msiase Pop (1 — o ise)

g1
+ Pypcse) (—mi o) Qo —dec)
i+l

Slages

]
hSlag

+ Mms1—18¢ Pup Q1s1—wall

i1

Slagc,

+ ms1-1se Pup Q(1s1-clec) L
Slag

i+1
Slagcy
+ msi-1sc Pup Q1s1-water 7}#”:1 ts
Slag

10)

where P¢ represents the price of the material, mi,f(ll o Fepresents
the change of mass of C consumed in the decarburization pro-
cess as described by (11), Q._q4e. represents the power needed

for the decarburization process per kg of C, hg}r; represents

the height of the slag at the i 4+ 1 step, hiSTalgq represents the
height of the slag formed by the decarburization process cover-
ing the walls, héﬂlg(, represents the height of the slag formed
by the decarburization process covering the water cooled pan-
els, and hileralg,(~4 represents the height of the slag formed by the
decarburization process covering the electrodes.

3) Contribution of Graphite: The role of graphite in the
objective function is similar to carbonaceous materials, with one
major difference, i.e., it is assumed that graphite reacts much
quicker and is, therefore, not oxidized. There are two factors
when injecting graphite that affects the height of the slag, i.e.,

decarburization reaction and NN, injection as the carrier gas,
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where the decarburization rate can be assumed to be proportional
to the graphite injection rate. The income of graphite addition
is related to slag formation and increased steel yield and can be
described as follows:

i+1
Incomeg, = | =msi-15¢ Pup Qarc-151——o
2 harc
MFe c i1 le;erl
+Psteet 7 (g, ) |t (1D
Me ( G Thes1sc ’
where héﬁég _arc Tepresents the height of the slag that covers the

arcs and is a consequence of graphite injection, m’G’tl represents

graphite injection rate at the i + 1 step, and Tges isc represents
the desired tapping temperature.

The costs related to graphite addition are similar to other
carbonaceous materials and can be described as follows:

Costay = | Parmi' + (msioise Pop (1 — @oise)

i+1
+ PUP@C*ISC) (_mGr ) chdec
i+1
Slagg
+ msi-1se Pup Qisi-wan — 1
Slag
i+1
Slagg .
+ ms1-18e Pup Qisi-elec — 57—
Slag
i+1
Slagg
+ msic1sc Pup Qis1-water —7— | b
Slag

12)

where Pg, represents the price of graphite, héﬂgc
11y

sents the height of the slag formed by the decarburization pro-
cess (from graphite) covering the walls, h‘slegcg represents the
height of the slag formed by the decarburization process (from
graphite) covering the water cooled panels, and hgfdlg(;u rep-
resents the height of the slag formed by the decarburization
process (from graphite) covering the electrodes.

4) Contribution of O, Lancing: The income of oxygen
lancing is related to slag formation and released chemical energy
from exothermic reactions, which is transferred to bath directly

or indirectly through slag and can be described as follows:

repre-

it+1
1 Slagp ,—arc
Incomeo, = | smsi-1sc Pup Qarc—151— 77—
2 harc
+ (Puppc-1se + msi-1se Pup (1= ¢c-ise))
i1 .
x ( > i, zmﬂ ts (13)
el,el£C
where hiSJl;éOQ—arc represents the height of the slag that covers the

arcs and is a consequence of oxygen lancing, m;itloo represents
the change of O, mass consumed in oxidation of element el,
and Q.1—0, represents the power per kg of O, released when

element el is oxidized.

The costs related to oxygen lancing are a consequence of its
purchase expenses, oxidation of different dissolved elements,
oxidation of iron (lower yield), and energy transfer from molten
steel to walls through the slag layer and can be described as
follows:

Z Citl
COSt()2 = | Pp2Oy + m;1702 P,
el,el#£C & Fe
MF(‘ Ti+1
4 1S
+ 2 Bsteel 77~ K0, -Fe0 O2 7-7F
MOy Thes-1sc
i+1
Slago.
+ msi-15c Pup Q1s1-wall le
Slag
i+1
Slago.
+ msi-15c Pup Qis1-elec hlff
Slag
i+1
Slago,
+msi-1se Pup Qisi-water W ts (14)
Slag

where P, represents the price of the element, Ko, _r.o rep-
resents a fraction of Oy, which reacts with Fe to form FeO,
hgTalg()z represents the height of the slag formed by oxygen in-
hiSJlra1go3 represents the height of the
slag formed by oxygen injection covering the water cooled pan-
els, and hétmlgo, represents the height of the slag formed by
oxygen injectioil covering the electrodes.

5) Contribution of Slag Forming Additives: In order to
achieve the slag with desired characteristics, proper charging
of the slag forming agents is necessary. Consequently, their
charging represents two different costs in the objective func-
tion, i.e., purchase expenses Costy,,—p and energy consump-
tion expenses Costgag—rg, Which are summed and divided by
the remaining time of a certain heat described as follows:

jection covering the walls,

Costglae—p + CoStglae_E
Costglag = Sag SagTe

15
tremaining ( )
The purpose of dividing the slag costs by the remaining time
is to limit the charging of the slag additives in the last moments
of the heat. The purchase costs can be obtained as follows:

s i+l

COStslag—P = - mcompth‘)

i+1 § : i
hSlag pslagAEAF - (mcomp

comp

(16)

x| Db
j

where héfalg represents the height of the slag at the i + 1
sample, ps1ae represents the density of the foamy slag, Apar
represents the EAF surface area, mfmmp represents the mass
of the compound in the slag, mijr}lp represents the estimated
change of compound mass to be added, «; represents the share
of additive j that needs to be charged, and P; represents the price
of the additive j. Additive j can be lime, dolime, or brick, and

comp can be Ca0O, MgO, SiO,, or Al2Os. Slag height, which is
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a consequence of carbon, carbonaceous materials, and oxygen
additions, can be obtained as follows:
+ hi+1 + hi+1

i+ 1 i+1
hil = ) .
slagar slago ,

slag slagc

a7

The costs of energy, which is needed to melt the charged
additives, can be obtained as follows:

i+1 § :
COStSlang = TIISlflScPUP <h;13gpslagAEAF - mcomp)

comp

Twolten
1) ey ( / Cp_solia; (T)dT + 1;
j Tair

Tis
n / Cptquia, (T)dT (1)
Tm olten

where C'p o114, (T') represents the specific heat capacity of solid
additive j at temperature T, A; represents the latent heat of fusion
of additive j, and Cp jiquia; (') represents the specific heat
capacity for liquid additive j at temperature 7.

C. Slag Quality Optimization—Basicity

The third part of the optimization problem relates to proper
basicity of the slag, which can be achieved by adding different
slag-forming agents, such as dolomite, lime, and brick. The
amount of each additive to be added to achieve proper slag
basicity and their influence on the costs can be determined by
(19) and (20):

COStSIagfbas = Z m;jrgl-P]ts + Z M% + Z Mﬁk (19)
J k k

Section III-B5. Similar to (1), penalty products M-y, and M ¥y,
are defined in order to avoid infeasible solutions, where M repre-
sents a large number, and ;. and ¥J;, represent a value that needs
to be added to the calculation in order to satisfy the LBy asicity
and UBy,,icity constraints (lower and upper basicity value) in
(20) as shown bottom of this page, where LBy, s 1 and UBy,,s &
represent the lower and the upper limit of slag quality crite-
ria k, i} L represents the average mass of compound comp
(Ca0, MgO, SiO,, or Al,O3) atstep i + 1, ¢ comp represents a
share of compound comp in additive j, u; and Au; represent the
amount of additive j in step i and a maximum possible change
for additive j, m3 represents a mass of additive j in step i, and
LB; and UB; represent the lower and upper possible limit of
additive j in slag. Observing (20), the first four constraints are
based on different basicity measures, depending on the compo-
sition of the slag. For each heat optimization, one of the three
constraints is used, and its selection depends on the expected
slag composition. The fourth and the fifth constraints are used to
determine the minimum MgO amount in the slag according to
the current FeO content, in order to prevent increased corrosion
rate of the walls due to higher slag temperature (fourth) and/or
high FeO content (fifth).

D. Limitations

The limitations considered in the optimization framework are
classified into two groups, i.e., common limitations, which are
valid for all optimization stages and exclusive limitations, which
are valid only for separate stages.

Common limitations are related to the installed technology
constraints and are described as follows, which provide proper
calculation of each input at each step:

where mlﬁQl represents the mass of additive j to achieve LB, < LBi*! 21)
proper basicity at step i + 1, P; represents additive price, and ; i
mfll represents the mass of additive added in equations in u' —Au < LB 22)
Meho + 307 aj.caotitth
LBbas,l <m+ ~S:‘10 Z] ke Jlfl - — U < UBbas,l
Mgio, T Z]' Q810,155 Ls
Meho + Y5 @,ca0mini b,
LBbas,2 <72 + —77 Ca,o,;H : f‘1:+11 2 2 —1 — V2 < UBpasp2
Mo, + 227 05si0,M5 5 T+ My o + 305 a0, ts
~i+1 it 1 =i+l i+l
Meyo + Zj aj,CaOm;',Q ts + mi\rlgo + Zj O‘j,l\lgomz‘z ts
LBbas.3 S Y3 + — it 1 i1 i1 it - ’193 S UBbas,S
Mgio, T D 0,810, M5 ts + M) o + D05 @ AL 0, My L
i+1 =i+l it 1
0.02567 T " — 35.71 — 05 <1yl + Y ajgorith L
J
0.0112Fe0%” — 0.3673 FeO% + 9.221 — Jg < 1\ + Y _ ojngori’h' Ly
J
i Citl s itl j j
u; — Au; < (m;-_1 + m;-_z )ts + m} < u} + Au
LB; < (' +m}4') t, +mj < UB,
Ve, Ve >0 (20)
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UB! < UBpax (23)
UB*! <l 4+ Au (24)
LBi+1 < ui+1 < UBi+1 (25)

where LB,,;, and UB,, .« represent the minimum and the maxi-
mum possible vector of inputs, LB*! and UB‘*! represent the
minimum and the maximum vector of inputs at step i + 1, v’
represents the vector of inputs at step i, and Au represents the
maximum change vector of inputs.

Exclusive limitations are related to the desired result of the
optimization and are used to replace the end-point constraints,
such as molten mass and temperature, in order to reduce the
computational load. For this reason, path constraints are intro-
duced in second and third stages of the optimization process and
can be described as follows:

LB <l <uB o)
where LByp and UByp represent the lower and the upper useful
power limit calculated at each step, and Q4. and Q'S represent
the powers transferred to liquid and solid scrap zones.

E. Optimization Solver and Used Prices

The proposed optimization problem is defined using a combi-
nation of the objective function and the constraints. During the
heat, the equations defining the optimization problem are chang-
ing due to varying conditions in the EAF; therefore, leading to
different optimization spaces. If only one optimization method
is applied, it is possible that an infeasible solution is found, i.e.,
leading to infeasible EAF operation. Therefore, to overcome
this drawback, multiple solvers are used simultaneously, and
feasibility of each solution is checked in each optimization step.
The results presented in this paper are obtained using a com-
bination of the following MATLAB solvers: GAs, SQP, Active
set, Trust region reflective, and Interior point, the last four be-
ing the algorithms from the constrained nonlinear optimization
algorithms.

Prices of raw materials, energy, and additives as used in
the objective function are the following: electrical energy—
0.15 $/kWh, 0,—0.1 $/Nm?, C—0.28 $/kg, graphite—2 $/kg,
scrap—0.2 $/kg, and crude liquid steel—0.6 $/kg.

IV. RESULTS

The following section presents simulation results of the op-
timization algorithm performing the first three stages of the
optimization. In order to demonstrate the improvement of EAF
control when using the proposed framework, simulated results
are compared to the measured (where available) or model sim-
ulated data (using measurements) for one of the recorded EAF
heats. The model used in this paper was validated on approx-
imately 100 heats of measured EAF data. In both cases, equal
initial conditions are assumed, including 10 tons of hot heel.
Moreover, actuation of the EAF is the same, except for the
optimized inputs, i.e., oxygen lancing, carbon injection, and
transformer voltage/power. Inputs for slag additives are not op-
timized as they are controlled properly in the measured data,
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Fig. 3. Simulation of the arc length and slag height (first panel), com-
parison of the bath temperatures using conventional and optimal EAF
control (second panel), and comparison between conventionally and op-
timally controlled EAF inputs (third to fifth panels).

nor as the inputs for gas burners, as they are not used in real
EAF operation. Moreover, optimization of the EAF is carried
out using the constraints, assuring that the composition of the
steel remains within the desired limits for the refining stage.
As already mentioned, proper slag characteristics need to be
assured throughout the melting process in order to achieve its
correct height, since it plays a crucial role in the efficiency of
the EAF operation. Fig. 3 (first panel) shows the height of the
slag and lengths of the arcs when the EAF is actuated according
to the proposed optimization algorithm. As can be seen, the
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TABLE Il
COMPARISON OF THE COSTS BETWEEN CONVENTIONAL AND OPTIMAL
CONTROL FOR THE SELECTED HEAT

at 2800 s at 38.2 MWh of
useful energy
con. opt. con. opt.
electrical energy cost [$] 5867.0 5581.4 5867.0 5097.6
O, cost[$] 266.6 338.0 266.6 312.0
charged C cost [$] 195.7 195.7 195.7 195.7
injected C cost [$] 250.3 486.6 250.3 449.6
slag additives cost [§] 217 217 217 217
oxidized Fe cost [$] 294.9 64.4 294.9 48.6
total input costs [$] 7091.5 6883.1 7091.5 6159.4
useful energy [MWh] 38.2 40.5 38.2 38.2
useful energy cost [$/kWh] 0.186 0.170 0.186 0.165

lengths of the arcs determined by the optimization procedure
are nearly constant. Optimization determines optimal lengths of
the arcs in order to achieve the best possible energy transfer to
the bath, whilst minimizing the losses.

Furthermore, Fig. 3 (second panel) shows the comparison be-
tween liquid steel temperatures when the EAF is actuated using
the conventional and the optimized melting profiles. As can be
seen, optimized melting profiles lead to higher bath temperature,
which is a consequence of increased power intensity to the bath
due to the continuously controlled quality of the slag. Finally,
Fig. 3 (third to fifth panels) shows the comparison between EAF
inputs when the EAF is actuated using the conventional and the
optimized melting profiles, which lead to increased EAF effi-
ciency. As shown in third and fourth panels, a very low-rate
oxygen flow is engaged soon after the start of the heat; however,
a higher rate flow is engaged approximately at the same time as
in conventionally actuated heat (measured) in order to prevent
furnace wear. Adding too much oxygen too soon can lead to side
wall damage; therefore, excessive oxygen rates are limited in the
beginning of the heat. Since the furnace operation starts with 10
tons of hot heel, sufficient amount of the initial charge (40 tons)
is melted soon after the melting process begins. In this manner,
additions of carbon and oxygen can be engaged in order to form
foamy slag. Similar conditions appear after charging the second
and the third buckets, which are filled less (25 and 20 tons);
therefore, the charged scrap is quickly submerged in bath and
melted. Also visible, when the second and the third baskets are
charged, foamy slag collapses and decreases in height. Since a
large amount of the scrap is already in a molten form and due to
proper input actuation, the slag quickly foams back to its opti-
mal height. As the fifth panel shows, from the electrical point of
view, conventionally and optimally controlled EAF is actuated
very similarly, i.e., the differences in electrical power in the be-
ginning of the heat and after each charge are minimal; therefore,
the differences in arc lengths and the consequent thermal stress
to the EAF vessel are also similar.

Differences between conventional and optimal control of the
EAF are also presented in Table III, which shows operational
costs at two observations, the first being at 2800 s and the second
being at approximately 38 MWh of consumed useful energy,
both necessary to achieve the refining stage in a conventional
manner.

As shown in Fig. 3 and Table III, differences between both
controls of the EAF are clearly visible. The biggest difference
between conventional and optimal control is in a much higher
rate of carbon (almost 100% more) and a slightly higher rate
of oxygen (approximately 25% more) additions, and especially
their timely onsets. Observing the conventional control, it can
be seen that oxygen is always engaged with the same rate and
also with approximately the same delay in relation to charging.
Since conventional operation has no information on carbon and
oxygen content, ratio between them is most likely inappropriate,
leading to a poorer effect on slag foaming.

When observing the costs at 2800 s, it can be seen that
optimal control consumes more additives, such as oxygen and
carbon; however, less iron is oxidized and less electrical energy
is used, which in total leads to lower costs and lower price per
kWh of useful energy. It can also be seen that consumed useful
energy is approximately 2 MWh higher at the optimally con-
trolled EAF, meaning that the refining stage could be achieved
sooner, i.e., at approximately 2500 s, as the bath temperature
is sufficient prior to that time (shown in Fig. 3). Therefore, the
second observation is made at 38.2 MWh of consumed useful
energy, needed to achieve the refining stage. Similarly as before,
it is evident that optimal control of the EAF consumes more
additives, but less iron is oxidized and less electrical energy is
used than in conventional control, which leads to even higher
difference in total estimated costs and price per kWh of useful
energy. The results, thus, show that the time needed to reach
the refining stage and the operational costs of the EAF could be
notably shortened. Similar results can also be obtained when
using other measured heat data. From the presented results, it
can be concluded that the obtained EAF actuation leads to better
performance of the EAF while satisfying path and endpoint
constraints in terms of the final product as well as the EAF
equipment. Furthermore, overall carbon and oxygen consump-
tions and maximum rates are comparable with other modern
EAFs. Finally, actuation of the EAF in terms of transformer
powers, oxygen rates, and carbon injections, and their onsets
is within the limits of the conventional EAF control, meaning
that optimized control of the furnace should not introduce any
technology related complications. In order to prove the last
statement, a real environment testing needs to be performed.
Since more energy is delivered in shorter times, slightly greater
temperature derivatives and overall temperatures appear in
the furnace, which could lead to higher wear of the furnace;
however, extensive real-system testing should prove or negate
this assumption. Whether the EAF is not the actual bottleneck
in the steel production [25], shorter TTTs and higher energy
intensity could be avoided using modifications of the path
constraints in the optimization procedure, in order to decrease
the waiting time of the EAF and consequential cool-down,
leading to unnecessary energy consumption for its reheating.

V. CONCLUSION

This paper presented an EAF optimization framework,
designed to increase the efficiency of the EAF through opti-
mized inputs. As shown, proper definition of the optimization
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problem can lead to reduced production times and opera-
tional costs. Proper control of the selected EAF inputs, i.e.,
oxygen lancing, carbon injection, and active power, reflected
in improved characteristics and proper height of the slag,
increased power intensity to the bath and, consequently, higher
efficiency of the EAF. Since the results were obtained using
a model simulation, savings estimations might be slightly
overoptimistic, as the model was always just an approximation
of the real system. Even though the model was thoroughly
validated, unforeseen conditions can appear, especially when
dealing with a system, such as an EAF. Nevertheless, knowing
that typical EAF control was performed using a predefined
melting profiles and operator’s experience, it is clear that
such operation of the system is suboptimal; therefore, using
a parallel model-based optimization framework can definitely
enhance the performance indicators of the EAF.
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