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Abstract
Steel production via electric arc furnaces (EAFs) is a very energy-intensive
process that accounts for almost 25% of the total crude steel production
worldwide. In modern steelmaking, finding an economically beneficial mode
of operation that reduces the energy consumption and the environmental
impact of the process is the priority. In practice, however, achieving this
goal is a challenging endeavor as the process is still not well understood and
industrial operations rely strongly on the experience of the operating crews.

To address this challenge, this thesis presents a model-based optimization
strategy that can reduce the energy demand of the EAF process. First,
mathematical models of an electric arc and of an electric arc furnace were
developed and used to answer two fundamental questions: a) How do the
electrical setpoints of the furnace affect the geometry of the arc and the heat
exchange between the arc and the metal phases in the furnace?, and b) How
do various operative setpoints affect the melting dynamics of the process?.
The developed models were validated using experimental and process data of
an industrial ultra-high-power EAF.

Second, a dynamic optimization framework (DO) with the goal to minimize
the electrical losses of the process is proposed. Two important operational
questions were addressed: a) What is the optimal operation strategy that
reduces the energy demand of the process?, and b) How can dynamic opti-
mization and scheduling be integrated to achieve an optimal operation of
the steelmaking plant?. The DO problem is solved using a control vector
parametrization strategy that computes an optimal input trajectory for a
batch of steel that consists of several charges. The computed control policy
was tested in an industrial EAF, and the energy consumption of the process
was reduced by 4.5% for a family of steels.
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Kurzfassung
Die Stahlerzeugung durch Elektrolichtbogenöfen (EAFs) ist ein sehr energiein-
tensiver Prozess, der fast 25% der gesamten Rohstahlproduktion weltweit
ausmacht. In der modernen Stahlerzeugung steht die Suche nach einer
wirtschaftlich günstigen Betriebsweise im Vordergrund, die den Energiever-
brauch der Anlage und die Umweltauswirkungen des Prozesses reduziert. In
der Praxis ist das Erreichen dieses Zieles jedoch ein herausforderndes Unter-
fangen, da der Prozess immer noch nicht vollständig durchdrungen ist und
der Betrieb in den Stahlwerken stark durch die Erfahrung der Anlagenfahrer
bestimmt ist.

Um diese Herausforderung zu bewältigen, stellt diese Arbeit eine modell-
basierte Optimierungsstrategie vor, die den Energiebedarf des EAF-Prozesses
reduzieren kann. Zunächst wurden ein Lichtbogen-Modell und ein vollständi-
ges EAF-Modell entwickelt. Die Modelle wurden verwendet, um vier grundle-
gende Fragen zu beantworten: a) Wie wirken sich die elektrischen Sollwerte
des Ofens auf die Geometrie des Lichtbogens und den Wärmeaustauschaus?; b)
Wie wirken sich verschiedene operative Sollwerte auf die Schmelzdynamik des
Prozesses aus?; c) Was ist die optimale Betriebsstrategie, die den Energiebe-
darf des Prozesses reduziert?; und d) Wie können dynamische Optimierung
und Planung integriert werden, um einen optimalen Betrieb zu erreichen?
Die entwickelten Modelle wurden anhand von Versuchs- und Prozessdaten
eines industriellen Ultrahochleistungs-EAF validiert.

Weiter wird ein dynamischer Optimierungsansatz mit dem Ziel, die elek-
trischen Verluste des Prozesses zu minimieren, vorgeschlagen. Die Lösung
basiert auf der Steuerungsvektor-Parametrisierungsstrategie, und berechnet
eine optimale Fahrweise für eine Reihe von Chargen, die in dem Ofen hin-
tereinander bearbeitet werden. Die berechnete Fahrstrategie wurde in einem
industriellen EAF getestet und der Energieverbrauch des Prozesses wurde für
eine Gruppe von Stählen um 4,5% reduziert.
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(K)
Tmm Temperature of the molten metal (K)
Tsm Temperature of the solid metal (K)
Va Voltage of the AC arc (V )
VR,a Voltage of the resistive component of the AC arc (V )
V F i−j View factor from the surface i to the surface j (-)
Z Zeta score (-)
Za Impedance of the AC arc (Ω)

Greek
α Convexity constant of the NEC computation (-)
γ Plasma thickness parameter (W sr−1 m−3 S−1)
εi Surface emissivity of the surface i (-)
εN Net Emission Coefficient NEC (W sr−1 m−3)
ηLO2

Efficiency of the oxygen lancing (-)
ηx Efficiency of mechanism of heat exchange x (-)
μo Vacuum permeability (m kg s−2 m−2)
Ψ A-dimensional diameter over depth parameter of the

arc (-)
ρsl Density of the slag (kg m−3)
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ρmm Density of the molten metal (kg m−3)
ρsm Density of the solid metal (kg m−3)
σb Stefan-Boltzmann constant (W m−2 K−4)
σ(T ) Electrical conductivity of the plasma (S)
ζsm Fraction of splashed liquid metal that lands on the

solid metal (-)
ζmm Fraction of splashed liquid metal that lands in the

molten metal (-)
ζw/r Fraction of splashed liquid metal that lands on the

roof and walls (-)

Energy constants
ΔH(F e2O3) Enthalpy of formation of iron (III) oxide at 25 Deg C.

(kJ)
ΔHf Enthalpy of fusion of the solid metal (kJ)
ΔHLO2 M

Enthalpy of reaction from the oxidation of metals in
the liquid phase, due to lanced oxygen (kJ)

ΔHLO2 C
Enthalpy of reaction from the oxidation of carbon in
the liquid phase due to lanced oxygen (kJ)

LHVx Low Heating Value of the fuel x (kJ kg−1)

Flows of mater
ṁ(F e2ox) Rate of generation of oxides in the solid metal (kg s−1)
ṁ(O2ox) Mass flow rate of oxygen available for the oxidation of

solid metal from the burners (kg s−1)
ṘB Total mass of splashed liquid metal due to the oxygen

lancing (kg s−1)
ḞO2 Oxygen flow rate during lancing (m3 s−1)
ΔM Mass of oxidized material (kg)

Flows of energy
Q̇arc_radmm Energy flow from the arc to the molten metal (kW )
Q̇arc_radsm Energy flow from the arc to the solid metal for melting

purposes (kW )
Q̇bur_cond Energy flow from the burner, convective contribution

(kW )
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Q̇bur_rad Energy flow from the burner, radiative contribution
(kW )

Q̇coal Energy flow released by the combustion of coal (kW )
Q̇loss Energy flow from the bottom of the EAF to the envi-

ronment (kW )
Q̇LO2

Net energy flow released by the oxidation of liquid
metals and carbon dissolved in the bath due to oxygen
lancing (kW )

Q̇LM
Energy flow due to the oxidation of liquid metal in the
liquid phase (kW )

Q̇LC
Energy flow due to the oxidation of carbon in the
liquid phase (kW )

Q̇LCO2
Energy flow to heating up the CO2 gases generated
in the bath to the temperature of the molten metal
(kW )

Q̇mm_condsm_h
Energy flow from the molten metal to the bulk of solid
metal via conduction mechanisms (kW )

Q̇net_smm Total energy flow for melting purposes (kW )
Q̇net_smh

Total energy flow for heating of the solid metal (kW )
Q̇net_mmh

Total energy flow for heating of the liquid metal (kW )
Q̇oxsm Energy flow released by the oxidation of solid metals

(kW )
Q̇smm_condsm_h

Energy flow from the solid metal in melting state to
the bulk of solid metal via conduction mechanisms
(kW )

Q̇spsm Energy flow from the bath to the solid metal due to
splashing (kW )

Q̇spw/r
Energy flow from the bath to the roof and the walls
due to splashing (kW )

Other symbols
cosφ Power factor of the AC arc (-)
�E Vectorial electric field (V m−1)
�j Vectorial current density (A m−2)
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Abbreviations
AC Alternating electrical current
AOD Argon oxygen decarburization converter
APC Advanced process control
BF Blast furnace
BOF Blowing oxygen furnace
CAM Chanel arc model
CFD Computational fluid dynamics
CVP Control vector parametrization
DAE Differential algebraic equation
DC Direct electrical current
DO Dynamic optimization
EAF Electric arc furnace
KPI Key performance indicator
MHD Magneto-hydro-dynamic
MINLP Mixed integer non-linear programming
NEC Net emission coefficient
NLP Non-linear programming
OCP Optimal control problem
ODE Ordinary differential equation
RMSE Root mean squared error
UHP Ultra high power
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