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Abstract 

In today`s steel industry about one third of the total steel production is produced 
by electric arc steel making. The production of steel is a very energy intensive 
industry, but when considering the total cost of the final steel mill product, it is 
the cost of raw materials that are dominating. A global trend for the 
manufacturing industry is to produce more energy effective products by using 
low alloyed steels which in turn affects the scrap based steel industry. Therefore 
an increased need of iron ore based metallic, such as direct reduced iron (DRI) 
and hot briquetted iron (HBI), as scrap supplement is then needed for 
maintaining low levels of trace elements in the produced steel. The selection of 
raw materials is a matter that affects the conditions for the entire production 
system, product properties, slag properties, off gas and dust generation, energy 
use and the conditions for processes downstream.  

For the integrated iron and steel industry and also for other energy intensive 
process industry, research in the field of process integration has shown good 
results regarding optimization of energy use and material utilization. The 
application of process integration as a method for the scrap based industry, and 
in particular for Höganäs AB:s production system, is discussed in the thesis. 
Mixed Integer Linear Programing has been used to develop system models for 
optimization and evaluation of costs and energy usage. Also processes not 
present in Höganäs current production system have been developed for analysis 
of future raw material scenarios. The current system models include six main 
process steps: a direct reduction process, an electric arc furnace, a ladle furnace, 
a continuous casting process and a hot rolling mill. 

Among the presented results in this thesis, a major result is the models` ability to 
predict and constrain product quality in an improved way and show potential 
cost- and energy savings for the modeled production system. Furthermore, 
another very useful result is the models` ability to minimize cost and energy use 
for sequences of different product qualities, while taking stock levels into 
consideration. 

A constant concern for steelmakers is that raw material prices, composition and 
availability are changing and fluctuating over time. Therefore, system modeling 
can be seen as a good tool for helping to maintain flexibility in production units 
by taking advantage of these market fluctuations to keep conversion costs and 
energy use at lowest levels possible. 
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1. Introduction 
After the pulp and paper industry, the iron and steel industry is the most energy 
intense industry in Sweden (Energimyndigheten 2014). Energy has always been one 
of the most important factors for the iron and steel industry. In recent time there has 
been an increased focus on the global environment and also the assumed increased 
costs related to the use of energy. Therefore it is of great importance for the iron and 
steel industry to strive to be more energy efficient. 

For electric arc steelmaking the major source of energy is electricity but there is also 
some chemical energy added mostly to increase productivity. A lot of work has been 
done in recent decades regarding the resource efficiency of the electric arc furnace 
(Pfeifer 2005). Among the areas where advances have been made can both reduced 
specific electrical energy input and increased productivity be mentioned as having 
relevance to the current topic. 

The raw material used in electric arc steelmaking is mainly steel scrap. Scrap is 
divided into different classes depending on the chemical content and size distribution. 
Also, besides scrap, iron ore based materials are commonly used such as: direct 
reduced iron, pig iron and hot metal. 

The ambition to be more energy efficient also applies to the manufacturing industry 
and the products being produced. One example is how the car manufacturing 
companies are aiming to produce products with less environmental impact. They are 
typically using more alloyed steels instead of carbon steels to reduce the weight of 
new vehicles. In turn, this will affect the steel scrap quality being produced at their 
facilities (Worell 2014). Höganäs AB, among other steel producers are dependent on 
high quality scrap from the manufacturing industry to produce high quality steel 
grades with low levels of impurities. Iron ore based materials are mainly used to 
compensate for higher levels of different elements in scrap to slightly adjust the end 
point chemistry and obtain the desired product specification. In some cases, these 
materials are used in larger amounts to act as a dilutive material where the 
combination of clean iron from ore based materials with low quality scrap can be 
more cost effective than a middle class scrap grade (Jones 2014). 
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Figure 1: Cost for a general electric steel plant, not using DRI/HBI, per tonne of 
liquid EAF steel. 

Figure 1 displays the general costs for a typical electrical arc furnace1. It can be seen 
that steel scrap is clearly the dominating factor followed by cost for energy supplied 
as electrical- and chemical energy. Along with energy efficiency and productivity a 
cost effective production system is of high importance to compete in the steel 
industry. As the raw material cost stands for a majority of the total conversion cost 
this is an area that appears to have high potential for cost reductions. Table 1 
describes three levels of considerations that have to be made regarding raw material 
cost savings for electrical steel making.  

Table 1: Different levels of consideration for cost reduction activities. 

Strategic Cost related Plant related 
Environment Energy Fill density 
Long term availability Refractories Scrap yard availability 
Landfill Slag formers Yield 

 

To start with, the most important consideration is of course to ensure delivery of a 
final product within the product specifications. The first level in table 1 refers to 
considerations in the form of strategic decisions from company management or 
regulations regarding, for example emission levels. Another strategic consideration is 
how to secure long term availability when it comes to certain types of raw materials 
or considering effects caused by generated by-products. Another level of concern is 
what are the cost related impacts when altering input raw materials to the production 
system; will this result in increased costs related to operation conditions or added 
materials. More specifically, will these changes result in increased energy demand, 
refractory wear or amount of slag formers. For the last level, considerations will 

                                                           
1 www.steelonthenet.com 
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focus on plant specific matters such as: scrap density, availability at the scrap yard or 
metallic yield for different raw material types. 
 
Process Integration methods have earlier been applied to other areas for example the 
chemical- and pulp and paper industry (Dunn 2003), (Svensson 2011) with good 
results. Considering the iron and steel industry, this methodology has been applied 
with good results mainly for the integrated steel industry up to this point (Larsson 
2003).  

The main goal within the process integration methodology is to ensure that 
improvements refer to the entire system and avoid sub optimization. Due to the scope 
of considerations that have to be made while improving energy efficiency and 
material utilization for the electric arc steelmaking system, the process integration 
method is of keen interest also for this matter. Not much work has been carried out 
when it comes to applying process integration for the entire electric arc steelmaking 
system. Some modeling work has been done for the interaction between the electric 
arc furnace and the ladle furnace (Ekmekci 2007) but most has been focused on the 
electric arc furnace alone. For this research work the method has been applied for a 
general electrical arc system where Höganäs AB:s production site in Halmstad has 
been used as validation plant. 

1.1 Purpose of the thesis 
The overall aim of this work has been to introduce the field of process integration to 
an industrial electric arc steelmaking system. The research work has focused on 
selecting and developing modelling methods that suit the field of scrap-based 
steelmaking in the best way. The suitability of the method has been evaluated and the 
output results analyzed. The work also aims to find ways to improve both the 
understanding of the electric arc steelmaking system and, with this knowledge find 
solutions to improve the efficiency of energy usage and material utilization. The 
approach used here has been to apply and adapt a method that is robust enough to be 
able to handle the raw material flexibility needed to be even more competitive in the 
steel industry. 
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2. Method 

2.1 Process Integration 
Process integration includes a number of tools which have been developed and 
adapted for a number of industrial fields. In the 1970:s the importance of assembling 
process blocks instead of just designing and selecting processes individually were 
given attention. This led to the rise of the concept of process integration (El-Halwagi 
1998). The process integration concept is aiming at giving an overview and 
understanding of the entire situation for major structural decisions. Once the 
strategically “roadmap” has been determined it is easier to decide what kind of 
individual process orientated work is needed. 

It started with integration of energy flows, at first with so called pinch analysis and 
later also at a broader discipline of energy integration. When complemented with 
mass flows, a more complete system analysis could be achieved. The approach of 
process integration starts by defining the problem structure and thereby decides what 
are tools needed and the main focus of the problem. At this stage the overall problem 
is divided into connected sub problems. It is important to decide what level of detail 
is required in the formulation of the different sub problems. Furthermore, it is also 
important to define a solution structure to the problem formulation to avoid 
calculation loops that just describe details in the system just makes it harder or 
impossible to solve. 

The application areas have grown during the years and so also the objectives. Some 
general application areas can be listed according to El-Halwagi 1998: 

� Aligning technology with corporate strategy: Strategy and technology must be 
developed together. Developing strategies requires an understanding of the 
technical possibilities while developing technology requires a clear strategy. 

� Planning site development: This involves integrating new or improved 
processes into the production system. 

� Developing new process technology: Integration methods can be used to 
define the requirements of new process technology. 

� Designing expansions and improving existing processes: Including activities 
to increase capacity, improve product quality, and reduce operating cost, 
among others. 

� Meeting regulations: Environmental and other regulations require companies 
to develop strategies and processes in alignment with these legislations, both 
on the short- and long term. 
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� Selecting and conserving resources: The use of resources must be used wisely 
to keep a profitable and sustainable business idea.  

As mentioned earlier a number of industries can benefit by the application of process 
integration methodology. The chemical industry has been subject to a number of 
analyses were process integration methods have been applied (Dunn 1998). Process 
integration methods from pinch analysis to analysis of expanded process systems 
(Svensson 2011) have, among other topics, been in focus when mentioning the 
application for the pulp and paper industry as well as the food industry (Atkins, 
2011). In the iron and steel industry mainly the integrated steelmaking route has been 
in focus (Larsson 2003). Concerning the Nordic steel industry, the Centre for Process 
Integration in steelmaking has done a lot of work within the process integration 
research field, together with industrial and academic partners (PRISMA 2014). From 
this collaboration, the method has also proven effective for the iron ore mining 
industry (Sandberg 2008). 

2.2 Mathematical Programming 
The strategy used to describe the system in this work has been to connect the 
individual processes in a system via flows of material and energy. The individual 
processes can be described by the occurring reactions of material- and energy input 
and the outgoing flows. When the outgoing flows are connected to other processes it 
is possible to analyze the total production system from a system perspective. This 
means that energy consumption, material consumption, CO2 emissions, production 
cost and time perspectives can be analyzed for the entire system (Ryman 2008). 
 
There are a number of problem optimization solving techniques which can be sorted 
under four different categories; Linear Programming (LP), Mixed Integer Linear 
Programming (MILP), Nonlinear Programming (NLP) and Mixed Integer Nonlinear 
Programming (MINLP). 
 

Mixed integer linear programming has been used for setting up the model in this 
work. The Java-based software ReMind has been used as an equation editor that 
generates standardized MPS-files (optimization problem descriptions) which can be 
solved with an external solver (ReMind 2014). The external solver used in this work 
is CPLEX (IBM 2014). A MILP solution includes continuous variables (material and 
energy flows) and floating variables that are used within the individual process nodes 
for creating mass and energy balances. Also, integer variables are included to make 
the modeling more flexible, for example to approximate nonlinearities or discrete 
choices between process routes. The object function is dependent on the focus of the 
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study and can differ from energy usage to total cost for material and energy (Ryman 
2008). 
A basic description of the MILP methodology is shown below: 

 ,       subject to      (1) 

 ,  

Where, f (x,y) is the object function for the minimization problem; 

x are the studied continuous variables, (xi means the i:th variable); 

y represents integer variables; 

c are the coefficients for the object function. They can represent prices for materials 
or energy equivalents. 
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3. Summary of appended papers 
The papers included in this thesis refer all to the application of mathematical 
programing for minimization of energy usage and cost in the electrical arc 
steelmaking system. They have been written alongside the development of the 
electric arc steelmaking system model. The model has been developed and extended 
with an extra process for each paper to be adapted for the subject of interest. The case 
studies presented have been chosen based on their applicability to real industrial 
need.  

3.1  Model development  
A general electric steelmaking system has been modeled and used as base in all 
appended publications. ReMind has been used as the equation editor (ReMind 2014) 
and C-PLEX (IBM 2014) has been used to solve the optimization problem. Two 
objectives have been set up for the system; total energy usage (Riesbeck 2011) and 
total cost (Lingebrant 2012). The system has been set up with nodes representing the 
processes included and energy- and material flows connecting the nodes to each 
other. The model gives a full overview of the system and cover aspects that will be 
affected by future and alternative raw material strategies and allows for an efficient 
treatment of the energy flows in the system. 

3.2  Model development: Paper 1 

3.2.1 General electric model 
The general electric steelmaking system covers sub models of four main processes, 
electric arc furnace, ladle furnace, continuous casting (Riesbeck 2011) and a hot 
rolling mill (Lingebrant 2012). A direct reduction process was developed and added 
to the system and described in the last paper (Lingebrant 2014). Figure 2 displays an 
overview of the primary developed system. 
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Figure 2: An overview of the modelled production system in  
paper 1. 

3.2.2 Scrap pre-treatment 
The purpose of the scrap pre-treatment node is to split up the charge material flows 
into flows of elements and oxides to the EAF according to equation 2, where WX is 
weight of element/oxide X (Me or MeO), Wn is weight of charge material n and 
w%X,n is the weight percentage of element/oxide X in charge material n. 

         (2) 

There is a high uncertainty involved with the chemical composition of different scrap 
grades (w%X,n). Therefore a multivariable regression model based on process data 
from 1400 heats from Höganäs Sweden AB was made to estimate the content of 
elements and oxides in each scrap grade. The objective of the regression model was 
minimisation of the total sum of squares for error in calculated concentration (w%) of 
selected elements (Fe, C, Mn, P, S, Cu, Ni, Cr, Mo, etc) in the steel tapped from the 
EAF by adjusting the chemical composition of the charge materials (w%) and the 
distribution factors for each element and oxide to steel and slag. 

3.2.3 Electric arc furnace 
The purpose of the EAF process, in the model, is to melt the charge materials and 
heat the molten steel to a target temperature. The main energy source is electricity 
(graphite electrodes) but about 1/3 of the energy is chemical heat from oxidation of 
metallic elements and combustion of fossil fuels in oxy-fuel burners. When the 
ingoing elements and oxides enter the EAF they will report to either the steel, slag, 
dust or off gas. To model this, distribution factors for elements and oxides to these 
phases have been set up. These distribution factors have been statistically determined 
in the regression model described in equation 3. Other ingoing materials are HBI, 
DRI, slag formers, nitrogen for stirring, burner fuel with oxygen, and carbon- and 
oxygen injection via lances. In a general form, the equation for calculating the 
amount of element Me in steel can be written as equation 3, where DF and MW 
represent the distribution factor and the molar mass respectively. Similar equations 
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are set up to calculate the weights of oxides in slag and dust as well as components to 
the off-gas. 

 
  

                      (3) 

As the distribution factors are calculated based on normal production data from 
Höganäs AB, they represent the distribution for a typical Höganäs heat. The ingoing 
carbon has been divided into organic carbon (in charged coal), alloyed carbon (in 
scrap and pig iron) and iron carbide (in HBI/DRI). According to regression the 
utilization factor for charged carbon is 25 % and for internal carbon from charged 
materials and HBI/DRI 75 %. These estimations are valid for the typical furnace 
operation with average injection of oxygen. The calculated weights of elements and 
oxides in the different phases (steel, slag, dust, off-gas) are further modified if 
additional oxygen or carbon is injected into the melt in the refining stage of the 
process to adjust the chemistry of the steel. Additional oxygen and carbon injection 
amounts are assigned to different actions, oxidation of fuel / reduction of oxides / 
oxide formation according to distribution factors. 

For the energy calculations two formulas have been used, an empirical formula (the 
“Köhle formula”) that calculates the electrical energy demand for the furnace (Köhle 
2002, Pfeifer 2005) and a theoretical formula which calculates the sum of the total 
energy consumption (Adams 2002).  
 
When the electrical energy demand is calculated a number of furnace parameters and 
ingoing material are considered such as tapping weight, total charge material weight, 
tapping temperature, tap to tap time, weight of individual materials (HBI/DRI, 
shredded scrap, hot metal), slag formers, lance and post combustion oxygen. This 
formula has been further adapted with additional charge materials and energy sources 
to improve the calculation of electricity consumption (Lingebrant 2012, Riesbeck 
2011). A factor for charge material pre-heating temperature (TPH) has been added.  
 

                                   (4)  
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The power-on time is expressed as a function of the electrical energy consumption 
and the average furnace active power. The resulting equation contains non-linear 
combination factors GA*TA, GA*WR, GE*TPH. Since MILP Programing is used, 
the equation has been linearized by replacing these factors with GA,Avg and 
GA,Avg/YEAF,Avg which represents the average values of GA and GE for the 
specific furnace. The modified Köhle formula is presented in equation 4 and 
explanations of the factors are presented in Table 2. 
 
Table 2: Factors in the modified Köhle-formula. 

Factor Description Unit Factor Description Unit 
WR Energy demand kWh GHM Hot metal 

consumption 
ton 

GE Weight of ferrous 
materials 

ton GShr Shredded scrap 
consumption 

ton 

GA Weight of liquid 
steel 

ton Gx Scrap grade x 
consumption 

Ton 

GZ Weight of slag 
formers 

ton R0 Furnace specific 
regression 
constant 

- 

TA Tapping 
temperature 

°C Rx Regression 
coefficients for 
charge materials 

kWh/ton 

tS Power-on time min TPH Pre-heating 
temperature of 
GE 

°C 

tN Power-off time min Cp Average heat 
capacity of GE 

kJ/kg 

MG Natural gas 
consumption 

m3n T0 Scrap yard 
temperature 

°C 

MOil Oil consumption liter EtaEAF Average 
electrical 
efficiency of EAF 

- 

MLPG LPG 
consumption 

liter PEAF Average active 
power of EAF 

kWh/min 

ML Injected oxygen m3n GA,Avg Average furnace 
tap weight 

ton 

MN Post combustion 
oxygen 

m3n YEAF,Avg Average metallic 
yield in EAF 

- 
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For calculation of the total energy input to the process, the energy equivalents for the 
fuels injected and the reactions from the injected oxygen are added to the electrical 
energy (Lingebrant 2012, Adams 2002, Riesbeck 2011).  

There are calculations regarding the off gas in two stages of the process, one 
calculation at the so called 4th hole and the other after the slip gap of the off gas duct. 
The calculations have been made in this way to show the post combustion energy 
potential of the off-gas before the air leakage in the slip gap. The calculations of the 
flue gas are depending on a number of assumptions. All C and H from the incoming 
flows leave the steel bath as CO and H2 except the contribution from the burner fuel, 
which is completely combusted to CO2 and H2O. All Zn from ingoing flows that ends 
up in the dust leave the steel bath as Zn(g). These gases react with the air coming 
from the slag door and with the post combustion oxygen from the burners. At this 
point all the Zn(g) is oxidized to ZnO and the O2 that is left reacts with CO and H2 
and generates CO2 and H2O. These reactions occur according to a fixed distribution 
where a defined percentage of the remaining oxygen after Zn oxidation reacts with 
the CO and the rest with H2. At the slip gap at the off gas duct it is assumed that there 
will be enough air flow for complete combustion of the remaining CO and H2 in the 
off gas. The amount of excess oxygen in the flue gas after the slip gap has been held 
constant. 

Optional constrains regarding use of different raw materials, chemical composition of 
the liquid steel, slag composition, slag amount, etc. have also been included. 

3.2.4 Ladle furnace 
Concerning the mass balance of the ladle furnace, this has been treated in the same 
way as the EAF process with statistically determined factors that distributes the 
incoming elements and oxides between steel, slag, dust and off gas. The chemical 
composition of the added alloys have however not been determined by statistical 
analysis. A fixed energy consumption for raising the temperature of the liquid steel 
(kWh/ton*˚C) was determined from process data. Further there are a number of 
temperature drops of the liquid steel that the model needs to consider and that 
contributes to the energy consumption. The considered temperature drops are tapping 
of EAF, transport from EAF to LF, alloy and slag former additions and argon stirring. 
Also optional constrains regarding use of alloys, chemical composition of the liquid 
steel, etc. have been included. 

3.2.5 Continuous casting 
The continuous casting unit is treated as a yield loss in the model. For the material 
flow, a material loss in percentage based on the total liquid steel amount from the LF 
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unit is assumed when casting. A specific oxygen consumption based on the final 
product is assumed to calculate the total oxygen consumption. The oxygen is needed 
when cutting the slabs. 

3.3  Model development: Paper 2 
For paper 2 the model was extended with a sub model of a hot rolling mill. 
Additionally, the model was developed further in order to optimize a sequenced 
production of different steel grades where the stock level is being reduced when raw 
material is consumed for each grade.  

3.3.1 Hot rolling mill 
When charging to the hot rolling mill, the slabs from the continuous casting node are 
heated with three alternative fuels; natural gas, oil or LPG. Both the consumption of 
fuel for heating and the consumption of electrical energy are set as a constant per ton 
of steel. The off gas generated from the burners is calculated according to several 
assumptions. 

3.3.2 Multiple grade optimization with dynamic scrap stock level 
The model has been divided into a number of steps to enable optimization of several 
steel grades connected to each other at the same time. This has been done to 
symbolize the specific steel grades that are being produced at the steel plant. This 
enables different process settings and chemical specifications to be set up for each 
specific grade. Also, planned production volume for each grade during a chosen 
period can be specified. This makes it possible for the model to consider the 
relationship between the volumes of different steel grades. Connected to this, a 
dynamic scrap stock level has been modeled. The stock level available for the 
production period for each scrap grade can be specified. While optimizing, the stock 
amount will be distributed between the different steel grades while satisfying the 
most optimal solution regarding the chosen objective. The model with the extended 
functions can be seen in figure 3.  

 

Figure 3: An overview of the modelled production system with dynamic stock 
level and sequenced production from paper 2. 

Not only restrictions according to the stock levels are modeled, there are also a 
number of restrictions according to scrap density and process requirements. 
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3.4  Model development: Paper 3 
To be able to simulate different compositions of HBI the model has been extended 
with a direct reduction process. The purpose of this extension was to not only analyze 
the effect in the electric arc steelmaking system but also to analyze the optimal 
combined effect for a DR – EAF system. Figure 4 displays an overview of the system 
with the DR process included.  

 
Figure 4: Overview of the system model described in paper 3. 

3.4.1 Direct reduction process 
A heat and mass balance model has been created using the Sim Flowsheet Module in 
Outotec´s HSC Chemistry 7.0 software (HSC Chemistry 7.0). This modelling 
environment consists of a graphical flowsheet connecting separate spreadsheet based 
process units. Conceptually, the DR model is based on the HYL ZR© process and the 
model layout is shown in Figure 5. The model loop begins with DR pellets being 
charged into the DR reactor. In the reactor, the pellets react with inlet reduction gas 
(stream 2) producing hot DRI and outlet gas (stream 4). The hot DRI is then fed to 
the DRI cooler along with NG carburizing gas, where the DRI is carburized and 
cooled via reaction with natural gas resulting in iron carbide formation in the DRI 
and hydrogen gas (stream 1). The hydrogen gas is fed back into the DR reactor. The 
“gas” side of the process begins with the DR reactor outlet gas (stream 4) which is 
fed to a heat exchanger to pre-heat the recycle gas stream. The cooled outlet gas 
(stream 6) goes through some “conditioning” via the water-gas-shift reaction to attain 
a suitable composition for recycling back to the process. The conditioned recycled 
gas (stream 9) is partially bled off (stream 13) to avoid accumulation of N2 in the 
system and then pre-heated, as mentioned earlier, for further treatment in the primary 
gas “distributor” unit, D1. 
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Figure 5: DR process model layout (HYL ZR case). 

Here, the recycle gas composition is adjusted by removing CO2, dewatering and 
adding make-up natural gas feed (stream NG2). From the D1 unit, the exit gas is split 
into a bleed fuel stream and a process gas (stream 5). These are fed to a heater unit 
which acts as a process gas heater with some partial oxidation and reforming 
reactions take place that upgrade the reduction potential and temperature to form the 
inlet reduction gas (stream 2) and thereby closing the model loop. 
To be able to transfer and connect the DR process model to the ReMind system, a 
mass balance for ingoing- and outgoing flows was set up. Results from the DR model 
in HSC have been used to derive linear regression coefficients to express the 
consumption of natural gas and oxygen as functions of produced metallic iron and 
iron carbide in the model. These can be seen in equation 5 and 6 where NG is the 
natural gas consumption (GJ), O2 the oxygen consumption (nm3), Femet the outgoing 
metallic iron (ton) and CDRI is the amount of carbon (ton) in the outgoing DRI.  

       (5) 

         (6) 

The amount of in-going pellets was considered in the mass balance and the chemical 
composition can be altered to simulate different DR pellet types. Also a fix constant 
of electrical energy consumption (kWh/ton DRI) for the process was defined. 

3.4.2 Electric arc furnace development 
When the direct reduction sub model was created and connected to the total system 
model a number of adaptions in the electric arc furnace model were necessary. These 
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changes were made to be able to handle the different chemical composition of the 
material coming from the direct reduction model. 

The energy consumption assigned to HBI in the calculation of electrical energy 
consumption has been determined statistically. To be able to predict the change in 
electrical energy consumption due to the chemical composition of the HBI the 
statistically determined value has been divided into two parts. One part that depends 
on the physical appearance and structure of the briquette and is assumed to be 
constant and the other that depends on the enthalpy needed for heating the material 
from 298K to 1923K, see equation 7. 

      (7) 

An addition regarding the energy required for reduction of FeO content in HBI during 
the melting stage has been added to the calculations of total energy consumption. 
Only the organic carbon used for FeO reduction is assigned this energy cost, (33 
MJ/kgC) (HSC 7.0) the energy cost for alloyed carbon and iron carbide are assumed 
to already have been accounted for in prior process step. For materials with deviating 
iron oxide amount, compared to the amount of iron oxide in the HBI grade that was 
used during the EAF model calibration, a necessary iron oxide reduction energy cost 
of 1.64 MJ/kgFeO (HSC 7.0) has been assigned. This is the endothermic reaction 
enthalpy for FeO + C=Fe + CO(g) at 1923K. As the carbon content in HBI/DRI is 
assumed to occur as iron carbide, an exothermic energy dissolution factor of 1.44 
MJ/kgC (Kirschen 2011) has been assigned. The EAF electrical efficiency must be 
considered when more or less energy is needed for FeO-reduction. The average 
efficiency has been calculated according to equation 8 from a number of actual heats. 
Where ∆HSteel and ∆HRed,FeO is the enthalpy for the liquid steel and the reaction 
enthalpy for FeO with C respectively at 1923K. This is divided with the sum of 
electrical energy and the electrical energy equivalents according to table 2. 

  (8) 

3.5  Prediction model accuracy and validation 
Since the DR process is a fictive process in this system, that model has been 
calibrated with the help of data supplied from Tenova HYL ZR process supplier 
Danieli Centro Metallics. The EAF and LF models have been calibrated based on 
known process data from Höganäs AB. Calculated results have been compared to 
average chemical analysis and other measured process data for a number of different 
steel grades, both for the model calibration and a validation period. Prediction 
accuracy for the steel chemistry prediction model and the electrical energy demand 
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model do vary depending on the quality and variance of the variables in the historical 
database used for fitting of the models. Figure 6 displays the prediction accuracy in 
terms of degree of explained variation (R2) for liquid steel chemistry and specific 
electrical consumption.  

 

Figure 6: Degree of explained variation for single elements and electric energy 
demand of electric arc furnace. 

For Si and P the model shows less than good accuracy because the model assumes 
constant distribution factors, i.e. does not consider their dependency when carbon 
content in steel is variable, slag variations etc. These reasons are also true for the 
accuracy of carbon which further depends on added oxygen, leakage air, process 
time, etc. Results for other elements and the electric energy consumption shows good 
prediction accuracy considering the inherently high variance involved in scrap based 
steel making.  

3.6  Case studies and results 

3.6.1 Results total energy consumption: Paper 1 
An optimization test with the objective to minimize the total energy consumption 
(kWh) in the system (for a given quantity of a specific steel grade at Halmstad) was 
performed. During this optimization, the scrap preheating function was turned off and 
the EAF tapping temperature was constant.  
 
In the optimized solution, the use of shredded scrap is maximized because of the 
lower specific energy consumption for this scrap grade (-50 kWh/ton compared to 
“normal” scrap) in the Köhle formula (Köhle 2002). The maximum amount of 
shredded scrap is limited by the quality restrictions (chemical analysis) of the steel 
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grade. The use of HBI/DRI is minimized (zero consumption) because of their higher 
specific energy consumption (+80 kWh/ton compared to “normal” scrap) in the 
Köhle formula (Köhle 2002). 
 
For all chemical fuels (oil, natural gas and LPG), the optimizer chooses zero 
consumption in the EAF. This is because the energy content according to Adams for 
natural gas (10.5 kWh/Nm3) is higher than the reduction of electrical energy 
consumption it gives according to the Köhle formula (-8 kWh/ Nm3) (Adams 2002, 
Pfeifer 2005). As the efficiency of oil and LPG in the EAF burners are assumed to be 
the same as for natural gas it follows that the energy content of all chemical fuels are 
higher than their electrical energy reduction potential in the EAF. 
 
The optimizer chooses to add as much post combustion (PC) oxygen through the 
burners in the EAF as possible, because burner PC oxygen has zero energy content 
and will reduce the electrical energy consumption (-2.8 kWh/Nm3) according to the 
Köhle formula. The limit of PC oxygen is set by the available amounts of post-
combustible gases (H2, CO and Zn) in the furnace, as the amount of these substances 
in the 4th hole off-gas must be zero or higher. The amounts of post-combustible gases 
are in return determined by the charge material mix and the amount of air leakage 
through the slag door. 
 
The lance oxygen consumption is minimized in the optimized solution. This is 
because the energy development for oxygen injection (5.2 kWh/Nm3) according to 
Adams (Adams 2002) is higher than the reduction of electrical energy consumption 
according to the Köhle formula (-4.3 kWh/Nm3). 

3.6.2 Results for dynamic stock levels and sequenced production case 
studies: Paper 2 
In this paper the model has been used to analyse three cases: the reference case with 
single grade optimization, multiple grade optimization with infinite scrap stock level 
and multiple grade optimization with restricted scrap stock level. An analysis 
regarding the effect of the price relation between critical scrap grades has been made. 

Multi-grade optimization  
If the stock levels for the different scrap grades are set to infinite amounts the model 
gives the same results as for the single grade optimization except for the fact that the 
user must only perform one optimization to receive results for all steel grades. When 
optimizing with restricted scrap stock levels, the system model prioritizes high 
volume steel grades compared to the low volume steel grades. In this way the average 
optimization result for the total volume are kept optimum. 
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Due to the price fluctuations of both raw materials and electricity the model is a good 
tool to help keep track of the optimum settings of the processes and the raw material 
mix into the system. Analysis of the results shows that critical scrap grades needed to 
maintain the quality restrictions are high quality new scrap and HBI/DRI. An 
interesting scenario that illustrates this is the synergy between high quality new scrap 
(such as thin plate and bundled thin plate, sheared scrap, structural scrap) and 
HBI/DRI. When there is no price difference between high quality new scrap and 
HBI/DRI the model suggests the high quality new scrap because of the higher energy 
demand attached to the HBI/DRI. In figure 7 it can be seen that when the price 
difference is moderate (12.5%) the production cost decrease until a breakeven point 
where the extra energy consumption increase the production cost again. When the 
price for HBI/DRI decreases even more (30%) relative to the high quality new scrap 
the production cost will decrease for all of the relations and no breakeven point can 
be seen. When HBI/DRI is used it can be diluted with low quality sheared or 
structural scrap depending on the steel grade specification. The HBI/DRI often 
requires more lime addition to maintain the basicity of the slag, which also 
contributes to higher energy demand according to GZ in table 2. The model shows 
that the increased levels of slag and off gas also have to be considered while using 
HBI/DRI. As the price of electricity also fluctuates this is also an important factor to 
consider in the final solution.  

 

Figure 7: Total energy consumption and production cost connected to the 
relation between HQ new scrap and HBI. 

Energy and cost effects 
The relation between the two objectives (cost and total energy use) included is of 
interest to analyze. The potential reduction of electricity can be seen in table 3. 
Relative to the average specific electrical consumption the potential electricity 
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savings are 8 respectively 4.5 percentage when using energy objective and cost 
objective.  
 
Table 3: Potential savings of electrical energy for total energy and cost 
optimization objective. 

Optimization case  Electricity reduction (%) 
Average process data 0 
Energy objective 8 
Cost objective 4.5 

 

Since electricity also is a major cost, this is also kept as low as possible. It can also be 
said that the low cost materials often have low specific energy consumption 
according to the electrical energy consumption formula. 

3.6.3 Results for HBI content and DR – EAF interaction cases: Paper 3 
These analyses focus on the use and production of HBI/DRI of different chemical 
compositions. Total energy demand and total cost objective have been applied 
respectively. To illustrate how the model can be used for this purpose, the effects in 
the EAF and the interaction between the DR process and the EAF are the primary 
focus of this analysis. 
In the analysis the total amount of scrap has been set to represent approximately one 
half of the charged metallic materials. Produced HBI was used to fill up the rest of 
the required charge to fit the liquid steel amount of 50 ton per heat. The slag basicity 
(B2) requirement was set to 2.5, the minimum content of MgO in the slag to 12 
percent, the FeO content between 15 – 25 percent, the final steel bath carbon content 
to 0.2 -0.4 w% and the slag amount at least 7 percent of the steel amount. 
Simulations were carried out regarding the melting cost and total energy consumption 
depending on the characteristics of the ingoing HBI. The simulations were carried out 
by varying the gangue content (1.4 – 11.5 w%), the carbon content (0.5 – 4.5 w%) 
and the degree of metallization (86 – 96 %). Additionally two different compositions 
of gangue has been simulated, one acidic and one basic composition.      

Table 4: Composition of basic ore and acidic ore gangue content.  

Species Unit Basic ore Acidic ore 
SiO2 w% 25 54 
CaO w% 30 13 
MgO w% 22 3.5 
Al2O3 w% 6 12.2 
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The different compositions are shown in table 4 in the form of percentage of the total 
gangue content. For the different scenarios the base values for gangue content, carbon 
content and degree of metallization have been set to 3 w%, 1.6 w% and 93 % 
respectively. 
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Gangue 
Figure 8 and Figure 9 display results for the variation of acid gangue content 
respectively basic gangue content. For the acidic ore the increase of melting cost 
(16%), specific electrical energy consumption (17.5%) and total energy consumption 
(34%) will be quite severe with increased levels of gangue. The increasing costs are 
mainly dependent on increased volumes of acidic components in the slag that have to 
be compensated with CaO in a ratio of 2.5. Mostly, it is lime that is added but also 
MgO and the requirement to obtain 15 – 25 percent of FeO in the slag will together 
contribute to a high amount of slag and decrease in metallic yield. 
 

 
Figure 8: Yield, slag, and spec. electricity consumption versus acidic gangue 
content. 
 

 
Figure 9: Yield, slag, and electricity consumption for basic gangue content. 

The increase of melting cost (3.5%), specific electrical energy consumption (1.5%) 
and total energy consumption (7.5%) are not as severe when the gangue content have 
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a bacic composition. The reason for this is that the the gangue in the material replaces 
the most of the weight of the added slag formers. The extra CaO added from the 
gangue need only be compensated in a ratio of 0.4 in the form of SiO2 addition. In 
general when the slag amount increases the lower limit for iron oxide has to be 
reached: which means an increased amount of injected oxygen for oxidation of iron. 
Therefore, some of the electrical energy is replaced by chemical energy with lower 
efficiency (Adams 2002). This results in increased total energy consumption in the 
furnace, increased melting cost and decreased  metallic yield. 

Carbon content 
Since there is no energy cost assigned to previously alloyed carbon or iron carbide in 
charged materials this carbon is preferred in favor of the charged organic carbon (e.g. 
coal or coke). Figure 10 shows that when the HBI/DRI has low carbon content there 
will be a need of charged carbon for both FeO reduction and carbon alloying. When 
carbon content increases in the HBI/DRI, the need for charged carbon decreases 
quickly because of the low recovery into the steel (25 % yield) compared to internal 
carbon (75 %). At approximately 2.5 w% of carbon in the HBI/DRI, the carbon limit 
balance is reached for the needs of FeO reduction and carbon alloying at a degree of 
metallization of 93 %.  Above this percentage, the internal carbon will just increase 
the carbon content in the steel above the specified bath carbon level. 

 
Figure 10: Charged carbon and internal carbon for reduction and alloying in 
furnace as function of w% C in HBI. 

The total energy decrease in figure 11, before the optimum carbon content is reached, 
is explained by the fact that charged carbon has a lower utilization and thereby a 
higher energy cost than internal carbon with no energy cost connected. It can be 
pointed out that after reaching the optimal carbon content for total energy reduction 
electrical energy is decreasing even more with increased carbon content in the 
HBI/DRI because of the extended decarburization requirement via oxygen lancing 
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and ensuing combustion energy addition, but still the total energy again starts to 
increase. This is because the energy cost for lance oxygen, according to Adams, is 
higher than the reduction of the electrical energy, according to Köhle. It can be 
noticed that the total energy start to increase at 3.0 w % of carbon in HBI. The reason 
is that by removing the need for charging carbon enables the possibility to use 
different scrap grades with lower specific melting energy. 

 
Figure 11: Energy for FeO reduction, cost and total energy versus w% carbon in 
HBI. 

For high carbon levels above the optimum, where the excess carbon has to be 
oxidized, the oxygen also reacts with the iron and forms iron oxide which ends up in 
the slag. This contributes to a lower metallic yield or increased consumption of 
carbon powder for FeO reduction. It should be pointed out that the injected oxygen 
has fixed distribution factors to carbon, iron, manganese, chromium and phosphorous 
(valid for 0.2 – 0.4 w% C in steel) and does not take into consideration the higher 
distribution factor to carbon for high levels of carbon in the steel bath. 

Metallization 
The effect of different degrees of metallization (MTZ) on the melting cost (-12%), 
total energy use (-36%) and power-on time (-10%) can be seen in figure 12 When 
increasing the MTZ it is obvious that the metallic yield is increasing. As a result of 
the decreased percentage of iron oxide in the HBI/DRI, the associated energy for FeO 
reduction will be lowered. 
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Figure 12: Energy, cost and power-on time versus degree of metallization. 

Interaction DR-EAF 
When releasing the boundaries for degree of metallization and carbon content of HBI 
used in the model up to this point, the model will select 96% degree of metallization 
for both energy- and cost objective. Because of the specified range of carbon content 
in the bath mentioned earlier the optimum value for the cost objective is then in 
between 2.25 w% C and 1.83 w% C for total energy objective. For a fixed carbon 
content in the liquid steel the compositions would have been the same 
 
Figure 13 displays the energy consumption for the DR process and for the EAF 
process at 1.6 w% of carbon in the HBI. Here, the total energy objective has been 
used. The figures are both per ton of liquid steel from the EAF. This shows that the 
savings of energy achieved in the EAF due to decreasing levels of iron oxide will 
override the incurred extra energy cost in the DR process. 

 
Figure 13: Linear approximation of energy cost for DR process and EAF 
process. 
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Figure 14 visualizes the curves for rising degree of metallization at different carbon 
contents. The degree of metallization has been varied for 1.1, 2.2, 3.3 and 4.4 w% of 
carbon in HBI/DRI. It can be seen that above 2.2 w% carbon the positive effect of the 
melting cost is being reduced at high degrees of metallization due to the excess 
carbon that has to be handled in the process 
 

 
Figure 14: Total process cost for different carbon content versus degree of 
metallization. 

Since the percentage of HBI in the raw material mix (charged or fed) to the furnace 
differs it is also an important issue to handle. Results from cost optimization of the 
effect of carbon content in HBI are shown in figure 15. The analysis shows that the 
carbon content can be decreased with increased percentage of charged HBI to the 
furnace to keep a minimum production cost level. The result is of course depending 
on the price and carbon content of the available scrap grades.     

 
Figure 15: w% of carbon in HBI depending on the percentage of HBI charged to 
the furnace. 
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4. Discussion 
The current method has been applied in order to complete analysis of possible new 
raw material sources in electric arc steelmaking. Furthermore an extended production 
system with a direct reduction process upstream was developed and analyzed. Also, 
effects of generated by-products and off-gas when using certain materials have been 
described. Detailed results of processes, e.g. the effect from injection of oxygen, post 
combustion oxygen, different mixes of raw material, analyses of price variations etc. 
have also been reported.  

A number of validations over time have shown on good agreement for the model 
results compared to production data. Validations have been made for the chemical 
composition of the outgoing products and the energy demand for different steel 
grades. Although this approach can be used for creating a general model, the current 
results are only valid for production conditions at Höganäs AB as it was only possible 
to use production data from Höganäs AB for the electrical arc furnace and the ladle 
furnace for updates and validation. The available production data has shown to be a 
valuable source of deeper information and understanding when making models.  

A lesson learned from the work is that it is important to do a thorough analysis of the 
problem before starting with the modeling work. It is important to ensure that there is 
enough information and that the chosen method is suitable to solve the problem. 

The choice of equation editor and the approach to use mixed linear programming 
have both advantages and disadvantages. The equation editor gives a good overview 
of the modeled system which has grown through the duration of this work. The linear 
programming approach enables the user to find a global minimum and generates time 
efficient solutions. A non-linear approach would possibly have enabled a more 
precise description of the ingoing processes but also a lot more time-consuming 
solutions. In some cases, the linear behavior also limited the number of variables in 
the system: these where forced to be set as constants in order to solve the problem.  

It can be stated that this is a good method to give early guidance for raw material 
scenarios as well as improving the production system in an effective way under 
current conditions. In times ahead when raw material availability, market situation, 
legislations and prices most likely will change, the need to adapt to new conditions 
will increase. Considering there are numerous interacting factors need to be kept 
within restricted levels, mathematical programming should absolutely be considered 
as a very useful tool to help give steelmakers more flexibility in handling the ever-
increasing complexity in their production facilities. 
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5. Conclusions 
Generally the results generated in this work shows that both considerations regarding 
energy use and conversion cost have to be made concurrently for an effective and 
sustainable operation of the electrical arc steelmaking system.  
 
When the system was optimized with the total energy objective, in paper 1, it could 
be seen how different factors affect the energy usage. Different types of scrap and 
iron ore based materials give different impacts: on the energy use, the need for 
addition of other materials and on generated by-products and off gas. 
 
The model has been developed further in paper 2, to handle multiple grade sequenced 
optimization with a dynamic scrap stock level connected. The upgraded model 
showed to work in agreement with these conditions, especially for short term 
optimizations where the dynamic scrap stock level could be applied. The planned 
sequence for a steel plant often changes with relative short notice and scrap deliveries 
come frequently. Therefore, a model with this function preferably applied to a 
production sequence of a number of days or a week. Furthermore the model could be 
applied to optimize production of the most profitable sequence of steel grades related 
to what is currently available at the scrap yard. Market conditions where the price can 
differ dependent on purchased amount of material can also be applied.  
 
Additionally, it is important to use the model on a frequent basis to keep the recipes 
for each steel grade up to date. This should be done in agreement with the latest 
market conditions such as prices for steel scrap, iron ore based metallics, alloys, 
energy prices, etc. In this way it is easier to decide which materials should be 
prioritized during certain market conditions. 
 
An investigation of how HBI with different chemical composition can affect the 
electric arc steelmaking system and in particular the interaction of a direct reduction 
process with the electric arc furnace was presented in paper 3. Here it can be noticed 
that gangue type and content, carbon content, and degree of metallization are all 
important factors to consider when dealing with direct reduced materials in the EAF. 
To be able to gain positive effects from the high degree of metallization or high 
carbon content in direct reduced materials, it is important to take into consideration 
the relationship between carbon content, the total amount of iron oxide charged to the 
furnace and the specified carbon level of the finished liquid steel. On top of this, 
other materials used, such as pig iron and/or internal scrap must also be included in 
the overall assessment.  

Furthermore it is important to remember that the steelmaking system is rather 
complex and different plants in different regions have different conditions. The 
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chemical composition, size, density and availability of the ingoing metallic materials 
are factors that differ from plant to plant. Even more important, for an optimal 
operation for different plants are the prices, the fluctuation of the prices and the price 
relationships between different metallic materials, injected materials, electricity and 
other energy carriers. It could be said that the selection of raw material is indeed not 
only a matter of price but also a matter of its effect on energy usage, productivity, and 
operation conditions. 
 
During this research work the method of process integration has been applied and 
analyzed for an electric arc steelmaking system where mixed integer linear 
programming has been used for creating the models. A summary of the conclusions 
are stated below. 

� The results show that the current model is an effective tool for both simulations 
of future scenarios and for optimization of the existing operating situation 
regarding both objectives. 

� Results in Paper 1 show that to reduce the total energy use a number of factors 
contribute: minimize injected oxygen, maximize post combustion oxygen, only 
use electrical energy and use scrap that requires low specific melting energy.  

� Results in Paper 2 show that compared to the average specific electrical 
consumption, potential electricity savings of 8 respective 4.5 % could be 
achieved when optimizing production based on the energy objective contra 
cost objective. 

� Results in Paper 3 show that according to present conditions for the electric 
steelmaking model concerning limitations and prices, it could be said that the 
optimal composition of HBI/DRI should be approximately: <4.5 w% of basic 
gangue, 1.8-2.3 w% of carbon and 96 % degree of metallization. 
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6. Future work 
Future work may include analysis of how to utilize excess energy from the system in 
the most efficient way. Possible applications could be internal use, power generation, 
district heating or pre-heating of raw material. It would also be interesting to 
investigate how different types of raw materials will be affected by pre-heating and 
what advantage this might involve.  
 
In the current model materials are charged to the electric arc furnace via scrap 
baskets. A possible development could be to model a function for continuous feeding 
and analyze the effect on energy use and the new possibilities regarding the ingoing 
mix of raw materials. 
 
An interesting approach for further work would be to extend the system by 
incorporating a connection between system conditions and the product`s physical 
properties thereby going beyond the conditions of the current model where only 
product chemical properties are taken in to account. This would probably increase the 
degree of freedom for the optimization results. 
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Abstract: In this work a mathematic model to simulate and optimize the energy system of a 
scrap based plant has been developed. Scrap based steelmaking is an energy intense 
production system. The potential for energy saving by system optimization is therefore high, 
even if the percentage of saved energy is relatively small. The model includes scrap pre-
treatment, electrical arc furnace, ladle furnace and continuous casting units. To estimate the 
chemical compositions of the scrap charged into the EAF a statistical model based on an 
existing EAF plant has been used to provide the inputs to the model. Distribution factors have 
been used to describe the distribution of elements and oxides between the steel, slag and off 
gas/dust. To calculate the energy consumption in the electrical arc furnace a combination of 
an empirical and theoretical energy formula has been used. The model represents a general 
description of the most common process in electric steelmaking. It is suited to be adapted for 
specific plants with adjustments to the model parameters. The model gives reasonable results 
which follow the chemical composition of steel and slag and yield. The model can be a 
powerful tool to optimize the scrap mix and injectants towards energy and costs. 
 
Keywords: Energy systems, optimization, steelmaking, EAF, MILP, linear programming 



  

 
 

1. Introduction 
Energy has been and will always be one of the most important production factors in the iron- and 
steel industry. In Sweden approximately one third of the total steel production is produced in 
electrical arc furnaces (EAF) and two thirds in basic oxygen furnaces (BOF) [1].  
 
In the steel industry system, several processes are often connected together. A change in one 
process unit may result in unpredicted changes in other parts of the system. A literature study has 
been made of the best available technique and state-of the-art processes to decrease the specific 
energy consumption in the electrical arc furnace steel making.  
 
The purpose of this work is to create a mathematic model to simulate and optimize the energy 
system of an EAF plant. In the past similar work has been made on the integrated blast furnace 
route energy system [2]. It is likely to presume that the scrap based steelmaking will increase in 
the future and more efforts will be spent to optimize the energy used in this area. 
  
For the scrap based steel plant, it is often difficult to know the exact chemical compositions of the 
scrap charged into the EAF. In this work a scrap material statistical model based on an existing 
EAF plant has been used to provide the inputs to the model. The process steps in scrap based 
steelmaking are raw materials handling, pre-treatment EAF scrap melting, steel and slag tapping, 
ladle furnace treatments and casting. 
  
1.1. Scrap based steel plant 
With respect to the end-products, distinction has to be made between production of ordinary, so-
called carbon steel as well as low alloyed steel and high alloyed steel/stainless steel. In the EU, 
about 88 % of steel production is carbon or low alloyed steel. 

 
1.1.1. Energy consumption in electrical steelmaking 
Electric arc furnace steelmaking uses heat supplied from electricity that arc from graphite 
electrodes to the metal bath to melt the solid iron feed materials. Although electricity provides 
most of the energy for EAF steelmaking, supplemental heating from oxy-fuel burners and oxygen 
injection is used. To produce EAF steel, scrap is melted and refined, using a strong electric 
current. Several process variations exist, using either AC or DC currents and fuels can be injected 
to reduce electricity use. 
 
EAF steelmaking can use a wide range of scrap types, as well as pig iron, direct reduced iron 
(DRI/HBI) and hot metal. The EAF operates as a batch melting process, producing heats of 
molten steel with tap-to-tap times for modern furnaces of 30 minutes [3]. Current on-going EAF 
steelmaking research includes reducing electricity requirement per ton of steel, modifying 
equipment and practices to minimize consumption of the graphite electrodes, and improving the 
quality and range of steel produced from low quality and low cost scrap. 
 
The best practice EAF plant is state-of-the-art facility with eccentric bottom tapping, ultra high 
power transformers, oxygen blowing, and carbon injection. The “best practice” is to use as much 
scrap as possible, as melting of DRI/HBI requires more energy. An efficient electric steelmaking 
plant with 100 % scrap as iron bearers has an electrical energy consumption of 409 kWh/t liquid 



  

 
 

steel for the EAF and 65 kWh/t liquid steel for gas cleaning and ladle refining, as well as 42 
kWh/ton liquid steel of natural gas and 8 kg/t liquid steel of carbon [4].  
 
There are various techniques to decrease the energy consumption for scrap based steelmaking. 
The Best Available Technique (BAT) to consider is to preheat the scrap and to replace the 
continuous casting, hot rolling, cold rolling and finishing with thin slab casting, also called near 
net shape strip casting [5]. The two most common methods to preheat steel are the CONSTEEL 
process and the post combustion shaft furnace (FUCHS). The electricity savings reported are 60 
and 100 kWh/t liquid steel respectively [6]. An example of a thin slab casting technique is the 
Castrip® process. Potential energy savings are estimated to be 80 to 90% over conventional slab 
casting and hot rolling methods [7]. 
 
2. Methodology 
The method used in this work is a model for industrial systems where the process is described as 
a network of nodes (sub-processes) which are connected by energy and material flows. The 
potential of this method is that it enables a simultaneous representation of the total industrial 
system, and that it makes it possible to optimize the whole system, in contrast to the optimization 
of each sub-process individually. The method is described by Nilsson [8], and later developed for 
complex material production systems by others [9]-[11]. 
 
The method is based on Mixed Integer Linear Programming (MILP). The model described in this 
paper contains no integers. There are four main nodes that symbolize the different processes in 
the system. These are a pre-treatment node, an electric arc furnace node, a ladle furnace node and 
a continuous casting node. There are nodes that provide the main processes with resources such 
as raw material, slag formers, alloys, energy sources and destination nodes for products and by-
products. 
 
2.1. Scrap pre-treatment 
The scrap pre-treatment nodes main function is to summarize the different ingoing elements and 
oxides from each scrap grade and slag former, and transport them to the EAF node. There is one 
flow for each element or oxide. There is also a possibility to restrict the amount of each scrap 
grade or slag former going into the EAF. As well as it is possible to set boundaries on each scrap 
grade it is also possible to set a fixed scrap recipe. Fig. 1 describes the ingoing and outgoing 
flows for the scrap pre-treatment node. 
 



  

 
 

 
Fig. 1.  Ingoing and outgoing flows for the scrap pre-treatment node 

 
The chemical composition of scrap grades have a tendency to vary over a period of time as well 
as from heat to heat. For the raw material with well-known chemical composition the content are 
written according to that [12]-[14]. For scrap grades that have a more uncertain chemical 
composition the values have been estimated with multiple linear regression (OLS – Ordinary 
Least Squares) or “by hand”.  
 
Process data from approximately 1400 melts have been used in the OLS regression analysis. The 
data contained information about both scrap mix and steel analysis and an assumed distribution 
factor for each element/oxide to steel in the EAF for each element. From this information a 
material balance was made. The outgoing flows from the pre-treatment node represent the weight 
of each element and oxide and total weight of charged material.  
 
2.2. Electric arc furnace 
Ingoing raw material to the EAF node is the different amount of each element and oxide that is 
determined in the pre-treatment node. As ingoing material there are also three types of slag 
formers. Carbon and fuels in form of natural gas, LPG and oil are represented. The electrode 
consumption is also represented as an ingoing flow. The ingoing gases are nitrogen for stirring, 
oxygen from lance and air leakage from slag door and from off-gas duct opening after the 4th 
hole. There are three different flows for by-products; flue-gas, slag and dust. Fig. 2 describes the 
ingoing and outgoing flows for the electrical arc furnace. 
 
All incoming elements and oxides from all sources are treated in a material balance. A very 
central part of this node is the distribution factor table between steel, slag and off-gas/dust. This 
table decides how much of each element that remains in the steel and how much that are 
transferred to the slag or off-gas. The distribution factor for an element/oxide applies for the sum 
of that element/oxide for all incoming flows. The distribution coefficients have been determined 
statistically by calculation of average weights and concentration of elements and oxides in steel, 
slag, dust and off-gas. 
 



  

 
 

 
Fig. 2. Ingoing and outgoing flows for the EAF node 

2.2.1 Energy calculation 
For calculations regarding energy consumption for the electric arc furnace one empirical formula 
(Köhle-Formula) [3, 15] and a theoretical formula (Adams’ formula) [16] has been used. Köhle’s 
formula determines the electrical energy demand based on the use of other energy carriers, added 
materials, tapping temperature and tap-to-tap time. The Adams’ formula determines the total 
energy consumption where quantities of non-electric energy are converted into kWh. The 
coefficients in the Adams formula have been used to assign “energy costs” for chemical fuel 
(kWh/kg or kWh/Nm3) so that a “cost function” (kWh) for total energy consumption can be 
defined. 
 
All the values that are needed for the formula are selected from the calculations or flows in the 
model. The values that are fixed constants are tapping temperature, power on time and power of 
time. Hot metal is not included in the model but there is a possibility to add it in the pre-treatment 
node along with the chemical analysis and also include it as a factor in the Köhle formula. 
 
In the EAF-node there is an equation for pre-heating of scrap. The user can choose the preferred 
pre-heating end temperature of the charged scrap. If this function is activated this will also affect 
the electric consumption that is calculated. The energy added to the scrap is calculated with a 
fixed heating value (Cp) for the scrap mix. The Cp value has been estimated as the average value 
in the temperature range of 0 to 500 °C [17]. The reduced electric energy is calculated from the 
added energy value multiplied by the efficiency factor of the electric arc furnace.    
 
2.2.2.  Assumptions 

It should be noted that factors for Oil and LPG are included in the Adams formula but not in the 
Köhle formula. Factors for Oil and LPG were therefore added to the Köhle formula as well. For 
calculation of these additional factors to the Köhle formula it was assumed that the heat transfer 
efficiency to the scrap/steel is the same for all kinds of chemical fuel (natural gas, oil and LPG). 
Then the factors for oil and LPG in the Köhle formula can be estimated as the factor for natural 
gas in the Köhle formula multiplied by the ratio of the factors for oil/LPG and natural gas in the 
Adams formula (11/10.5 for oil and 8/10.5 for LPG). 
 



  

 
 

It is possible to set specifications for the steel chemistry. This is made by restricting the 
calculations to fit the minimum and/or maximum allowed concentrations of each element in the 
steel. The slag weight must be greater than 7% of the steel weight and the amount of MgO in the 
slag must be greater than 8% of the slag weight. The slag basicity (CaO/SiO2) is restricted to a 
constant that is determined by the user. 
 
There are calculations regarding the off gas in two stages of the process, one calculation at the so 
called 4th hole and the other after the slip gap of the off gas duct. The calculations have been 
made in this way to show the post combustion energy potential of the off-gas before the air 
leakage in the slip gap. The calculations of the flue gas are depending on a number of 
assumptions. All C and H from the incoming flows leave the steel bath as CO and H2 except the 
contribution from the burner fuel, which is completely combusted to CO2 and H2O. All Zn from 
ingoing flows that ends up in the dust leave the steel bath as Zn(g). These gases react with the air 
coming from the slag door and with the post combustion oxygen from the burners. At this point 
all the Zn(g) is oxidized to ZnO and the O2 that is left reacts with CO and H2 and generates CO2 
and H2O. This reaction occurs according to a fixed distribution where a defined percentage of the 
remaining oxygen after Zn oxidation reacts with the CO and the rest with H2. At the slip gap at 
the off gas duct it is assumed that there will be enough air flow for a complete combustion of the 
remaining CO and the H2 in the off gas. The amount of excess oxygen in the flue gas after the 
slip gap is set to a constant. 
 
2.3. Ladle furnace 
The steel is going into the ladle furnace node with one flow for each element represented in the 
liquid steel. In this node there is a function where the user specifies the final steel weight. If a 
specified scrap weight and scrap mix is used there is a need to disable this function for the model 
to work properly. There is the opportunity to use the three slag formers that are used in the EAF 
node as well as a synthetic slag former. The model offers the user to add different kinds of alloys 
to the steel. The most common alloys that are available have been added but it is possible to add 
additional ones if that is needed. The chemical composition of the included alloys can also be 
changed. Fig. 3 describes the ingoing and outgoing flows for the ladle furnace. 
 

 
Fig. 3. Ingoing and outgoing flows for the LF node 

 



  

 
 

The material balance in this node is as in the EAF node based on a distribution table between 
steel, slag and off gas/dust. The distribution coefficients have been estimated by empirical 
knowledge. The distribution coefficients refer to the materials that are added in the node. The 
contents of the ingoing steel are therefore not affected by any distribution factor. The exception 
from this is sulfur that has distribution coefficients also for the amount that is transferred with the 
steel into the ladle furnace node.  
 
The ingoing temperature of the liquid steel to the ladle furnace is decided by the tapping 
temperature from the EAF which is reduced by a constant factor due to temperature loss during 
tapping of the EAF. The final temperature is decided by the demands of the following operation. 
It is also assumed that an average amount of slag is transferred along with the liquid steel from 
the EAF to the LF during tapping. There is a calculation of the electrode consumption that is 
based on a constant amount of electrode per kWh. 
 
In the model it is assumed that argon is used for stirring the melt during the ladle furnace 
operation. The consumption is based on a fixed volume per ton of steel. This assumption is made 
from an average calculation from the process data.  The amount of air that leaks into the system is 
also a constant per ton of steel.   
 
2.3.1. Energy calculation 

The electric energy consumption in the ladle furnace is based on the amount of steel and the 
increase in steel temperature needed to reach the final temperature. At first there is the difference 
between the ingoing temperature and the final temperature. But also the effect of the added 
material will contribute to a temperature drop. The temperature drop caused by each added 
material is based on an individual material constant. This constant determines how large the 
temperature drop, or in some cases a temperature raise, will be depending on the percentage of 
material added to the liquid steel. The temperature drop constants have been estimated by 
empirical knowledge. 
 
2.3.2. Assumptions 
It is possible to set specifications for the steel chemistry. This is made by restricting the 
calculations to fit the minimum and/or maximum allowed concentrations (wt. %) of each element 
in the steel. This is also possible in the EAF node so the user can choose if the specification is to 
be set at the LF or both. The slag weight is set to be greater than 2% of the steel weight and the 
slag basicity (CaO/SiO2) is restricted to a constant. The amount of elements and oxides in the off 
gas/dust that leaves the steel bath is calculated according to the same principles as the off gas in 
the EAF node. However, the reactions with infiltrated air are not considered. 
 
2.4. Continuous casting 
The continuous casting (CC) unit is treated in a simple way in the model. For the material flow, a 
material loss in percentage based on the total liquid steel amount from the LF unit is assumed 
when casting. A specific oxygen consumption (Nm3 O2/ton-slab) based on the final product (slab 
in this case) is assumed to calculate the total oxygen consumption. The oxygen is needed when 
cutting the slabs. For the electricity consumption in CC, it is based on assumed specific electricity 
consumption (MWh/ton slab). 



  

 
 

3. Results 
Simulations have been run with three different scrap mixes corresponding to average mixes for 
three different steel grades at Höganäs AB EAF plant in Halmstad. The model calculations in 
terms of chemical analysis of steel and slag and metallic yield have been compared with real data 
from Halmstad. The model calculates reasonable results which correspond well to real data. 
 
An optimization test with the objective to minimize the total energy consumption (kWh) in the 
system (for a given quantity of a specific steel grade at Halmstad) was performed. During the 
optimization scrap preheating function was turned off and the EAF tapping temperature was 
constant.  
 
In the optimized solution, the use of shredded scrap is maximized because of the lower specific 
energy consumption for this scrap grade (-50 kWh/ton compared to “normal” scrap) in the Köhle 
formula [3]. The maximum amount of shredded scrap is limited by the quality restrictions 
(chemical analysis) of the steel grade. The use of HBI/DRI is minimized (zero consumption) 
because of their higher specific energy consumption (+80 kWh/ton compared to “normal” scrap) 
in the Köhle formula [5]. 
 
For all chemical fuels (oil, natural gas and LPG), the optimizer chooses zero consumption in the 
EAF This is because the energy content according to Adams [16] for natural gas (10.5 kWh/Nm3) 
is higher than the reduction of electrical energy consumption it gives according to the Köhle 
formula (-8 kWh/ Nm3) [3]. As the efficiency of oil and LPG in the EAF burners are assumed to 
be the same as for natural gas it follows that the energy content of all chemical fuels are higher 
than their reduction of electrical energy consumption in the EAF. 
 
The optimizer chooses to add as much post combustion (PC) oxygen through the burners in the 
EAF as possible, because burner PC oxygen has zero energy content and will reduce the 
electrical energy consumption (-2.8 kWh/Nm3) according to the Köhle formula. The limit of PC 
oxygen is set by the available amounts of post-combustible gases (H2, CO and Zn) in the furnace, 
as the amount of these substances in the 4th hole off-gas must be zero or higher. The amounts of 
post-combustible gases in turn are determined by the charge material mix and the amount of air 
leakage through the slag door. 
 
The lance oxygen consumption is minimized in the optimized solution. This is because the 
energy development for oxygen injection (5.2 kWh/Nm3) according to Adams [16] is higher than 
the reduction of electrical energy consumption that it gives according to the Köhle formula (-4.3 
kWh/Nm3) [3]. 
 
4. Concluding remarks 
Scrap based steel plants around the world differs a lot in terms of scrap mixes and final products. 
The model described in this paper represents a general description which shall be adapted for 
specific cases. The model is built up to easy adjust to the processes of interest. To use the model 
correctly the incoming data needs to be correct and the model parameters (raw material analysis, 
slag basicity, air leakage, etc.) must be adjusted to represent the conditions of the specific plant. 
Then the model can be a powerful tool to optimize the scrap mix and injectants towards 



  

 
 

minimized energy consumption or production cost. In upcoming work the model will be used to 
optimize specific processes and plants.  
 
The future work will also include further development of the scrap preheating function and move 
it to a separate node. A cost function for monetary units for all incoming flows will be added so 
that the total production cost can be optimized. Nodes for alternative solidification processes such 
as ingot casting and atomization will be considered and coefficients for specific energy 
consumption for different scrap grades in the EAF will be adjusted and added. Interaction with 
external systems like district heating can also be added. 
 
Moreover different feeding and charging systems and a water cooling system for EAF are 
planned to be implemented and the processes after casting such as transport, heating and 
metalworking processes needs to added to complete the system.  
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One third of the total steel production in the world today is produced by electrical steel 
making and is supposed to increase. It is a very energy intense process but for the 
production costs the scrap mix is nowadays clearly the most dominating cost factor. 
Because the ingoing raw material mix affects the energy consumption and the chemistry 
of the final product it is an important factor to control. 

A system optimization model for a generalized electric steelmaking plant has been 
developed. The vision has been to include a planned production sequence and a 
dynamic scrap stock level along with a full material- and energy balance connected to 
the processes. This gives the opportunity to run optimizations with restrictions similar to 
real production conditions.  

The generalized steelmaking plant produces hot rolled coils and five main processes are 
included in the model; a material pre-treatment process, an electric arc furnace, a ladle 
furnace, a continuous casting process and a hot rolling mill process. To estimate the 
chemical composition of the ingoing scrap grades, a regression model has been made 
based on process data from a Höganäs Sweden AB plant. Mixed Integer Linear 
Programming (MILP) has been used as the method for modeling the production system. 
Simulations and optimizations have been focused on changes in the chemical 
composition of certain scrap grades, restrictions of the availability of scrap grades and 



  

 
 

restrictions regarding the forecasted production sequence. The objectives used for the 
optimizations are production costs and total energy consumption. The model deliveries 
results in form of optimal raw-material mixes for the different steel grades defined in the 
model, optimal energy mix and optimal target temperatures for the sub-processes. 
Further it shows the effect on process parameters such as energy consumption, slag 
amount, off gas generation, injected carbon and oxygen etc.  

The model makes it possible to simulate scenarios that are expected for the future 
regarding new steel grades, availability of raw-materials and changed amount of tramp 
elements in the raw material used today. It is a good tool to find an optimal solution not 
only for a single heat but for a sequence of heats with varying chemical specifications. 

1. Introduction 
Electrical steel making is producing approximately one third of the total steel production 
in the world today and it is supposed to increase. (worldsteel.org). It is a very energy 
intense process where both electricity and chemical energy are used. Nowadays the 
most dominating factor for the production cost is however the ingoing raw material mix 
and energy is the second dominating factor which can be seen in figure 1.   

 
Figure 1: Cost for a general electric steel plant, not using DRI/HBI, per tonne of liquid 
EAF steel (steelonthenet.org)   
 
In this perspective it is natural to work hard to decrease the cost for the raw material mix. 
However the ingoing raw material mix also affects the energy consumption of the 
production system and the chemistry of the final product. Possible new raw materials 
could also have effect on the settings of the individual processes in the system, alloys, 
waste material or environmental aspects. This altogether makes it important to include 
all aspects while trying to reduce raw material cost and energy usage to make sure that 
the chemistry of the final product is not compromised and that the calculated savings 
refers to the entire system. A system optimization model for a generalized electric 
steelmaking plant has been developed within Process Integration in Steelmaking 
(PRISMA) at Swerea MEFOS. The aim of this work has been to improve the model and 
to include the planned production sequence and the stock level along with a full 
material- and energy balance connected to the processes. This gives the opportunity to 
run optimizations with restrictions similar to real production conditions. 
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2. Methodology 
The strategy to describe the system has been to connect the individual processes in a 
system via flows of material and energy. The individual processes can be described by 
the occurring reactions of material- and energy input and the outgoing flows. When the 
outgoing flows are connected to other processes it is possible to see it from a system 
perspective. This means that energy consumption, material consumption, CO2 
emissions, production cost and time perspectives can be analyzed for the entire system. 
(Ryman, et al, 2008) 

Mixed integer linear programming (MILP) has been used to develop this model. The 
Java based software ReMind have been used as an equation editor that generates 
standardized MPS-files (optimisation problem descriptions) which can be solved with an 
external solver. The external solver used in this work is CPLEX. A MILP problem 
includes continuous variables (material and energy flows) and floating variables that are 
used within the individual process nodes for creating mass and energy balances. Also 
integer variables are included to make the modelling more flexible, for example to 
approximate nonlinearities or discrete choices between process routes. The object 
function is dependent on the focus of the study and can differ from energy usage to total 
cost for material and energy. The MILP modelling is further described by Ryman, et al, 
(2008). 

A MILP problem can be written as: 

 ,       subject to        

 (1) 

 ,  

Where, f (x,y) is the object function for the minimization problem; 

x are the studied variables, (xi means the ith variable); 

y represents integer variables; 

c is the coefficients for the object function. It can represent prices for materials or energy 
equivalents. 

2.1 General electric steel making model 
The general electric steelmaking system model including scrap pre-treatment, electric 
arc furnace, ladle furnace, continuous casting and a hot rolling mill process has been 
further developed from previous work described by Riesbeck J. et al, (2011). Process 
data from Höganäs Sweden AB production site has been used for the electric arc 
furnace and ladle furnace. The principal plan of the model was that it should give a full 



  

 
 

overview of the system and cover aspects that will be affected by future and alternative 
strategies. It is important that that the model delivers results that are realistic and 
reliable. Therefore the model has been calibrated based on known process data. The 
calculated results have been compared to average chemical analysis and other 
measured process data for a couple of steel grades, both for the model calibration and a 
validation period. Total energy consumption and production cost has been included as 
alternative objectives. An overview of the model can be seen in figure 2.  

 
Figure 2: An overview of the modelled production system  

2.2 Scrap pre-treatment 
The purpose of the scrap pre-treatment node is to split up the charge material flows into 
flows of elements and oxides to the EAF according to equation 2, where WX is weight 
element/oxide X (Me or MeO), Wn is weight of charge material n and w%X,n is the weight 
percentage of element/oxide X in charge material n. 

 

         (2) 

 

There is a high uncertainty about the chemical composition of the different scrap grades 
(w%X,n). Therefore a multivariable regression model based on process data from 1400 
heats from Höganäs Sweden AB was made to estimate the content of elements and 
oxides in each scrap grade. The objective of the regression model was minimisation of 
the total sum of squares for error in calculated concentration (w%) of selected elements 
(Fe, C, Mn, P, S, Cu, Ni, Cr, Mo, etc) in the steel tapped from the EAF by adjusting the 
chemical composition of the charge materials (w%) and the distribution factors for each 
element and oxide to steel and slag. 

2.3 Electric arc furnace 
The purpose of the EAF process is to melt the charge materials and heat the molten 
steel to a target temperature. The main energy source is electricity (graphite electrodes) 
but about 1/3 of the energy is chemical heat from oxidation of metallic elements and 
combustion of fossil fuels in oxy-fuel burners. A general mass and energy balance have 
been used to model the EAF node. When the ingoing elements and oxides enter the 
EAF they will end up in either the steel, slag, dust or the off gas. To model this, 
distribution factors for elements and oxides to these phases have been set up. These 



  

 
 

distribution factors have been statistically determined by analysis of average chemical 
composition and weight of the phases. Other ingoing materials are hot briquetted iron 
(HBI), direct reduced iron DRI, slag formers, nitrogen for stirring, burner fuel and carbon- 
and oxygen injection via lances. Distribution factors for these materials have also been 
set up For the energy calculations two formulas has been used, an empirical formula 
that calculates the electrical energy demand (Köhle S., 2002), (Pfeifer H. et al, 2005) for 
the furnace and a theoretical formula which calculates the sum of the total energy 
consumption (Adams S. Et al, 2002). When the electrical energy is calculated a number 
of furnace parameters and ingoing material are considered such as tapping weight, 
charge weight, tapping temperature, tap to tap time, weight of HBI/DRI, shredded scrap, 
hot metal, flux materials, lance and post combustion oxygen. This formula has been 
further adapted with additional charge materials and energy sources to improve the 
calculation of electricity consumption more precise. For the calculation of the total 
energy input to the process the theoretical chemical energy content for example the 
fuels are added to the electrical energy. 

2.4 Ladle furnace 
When it comes to the basics of the mass balance of the ladle furnace it is treated in the 
same way as the EAF process with statistically determined factors that distributes the 
incoming elements and oxides between steel, slag, dust and off gas. The chemical 
composition of the added alloys have however not been determined by statistical 
analysis. A fixed energy consumption for raising the temperature of the liquid steel 
(kWh/ton*˚C) was determined from process data. Further there are a number of 
temperature drops of the liquid steel that the model needs to consider and that 
contributes to the energy consumption. The considered temperature drops are tapping 
of EAF, transport from EAF to LF, alloy and slag former additions and argon stirring.   

2.5 Continuous casting 
The continuous casting unit is treated as a yield loss in the model. For the material flow, 
a material loss in percentage based on the total liquid steel amount from the LF unit is 
assumed when casting. A specific oxygen consumption based on the final product is 
assumed to calculate the total oxygen consumption. The oxygen is needed when cutting 
the slabs. 

2.6 Hot rolling mill 
The slabs from the continuous casting node are heated with three alternative fuels; 
natural gas, oil or LPG. Both the consumption of fuel for heating and the consumption of 
electrical energy are set as a constant per ton of steel. The off gas generated from the 
burners is calculated according to several assumptions. 
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2.7 Multiple grade optimization with dynamic scrap stock level 
The model has been divided into a number of time steps with equal length. For this 
application the time steps does not represent differences over time. It has been made to 
enable optimization of several steel grades connected to each other at the same time. 
This means that each time step has been used to symbolize one specific steel grade 
that is being produced at the steel plant. It enables different process settings and 
chemical specifications to be set up for each specific grade. Also planned production 
volume for each grade during a chosen period can be specified. This makes it possible 
for the model also to consider the relationship between the volumes of the steel grades. 
Connected to this, a dynamic scrap stock level has been modeled. The stock level  

Figure 3: An overview of the modelled production system with dynamic scrap stock level and 
multiple steel grades 
 

available for the production period for each scrap grade can be specified. While 
optimizing, the stock amount will be distributed between the different steel grades while 
satisfying the most optimal solution regarding to the chosen objective. The model with 
the extended functions can be seen in picture 2. Not only restrictions according to the 
stock levels are programmed, there are also a number of restrictions according to scrap 
density and process requirements. 

3. Results 
The model has been used to analyse three cases, the reference case with single 
optimization, multiple grade optimization with infinite scrap stock level and multiple grade 
optimization with restricted scrap stock level. An analysis regarding the effect of the 
price relation between critical scrap grades have been made. 

3.1 Multi grade optimization compared to single grade optimization 
If the stock levels for the different scrap grades are set to infinite amounts the model 
gives the same results as for the single grade optimization except for the fact that the 
user only have to perform one optimization to receive results for all steel grades. The 
model optimization delivers results in form of specified raw material recipes, tapping 
temperatures, carbon and oxygen injection, post combustion oxygen, slag formers, slag 



  

 
 

composition, off gas volume, off gas composition, steel chemistry, alloying materials etc. 
The result shows that scrap grades which requires low energy consumption for melting 
such as shredded scrap is maximized. Sculls and other internal scrap that contains slag 
formers are preferred because it can replace slag former additions that in other case will 
require high energy consumption for melting (Köhle S., 2002), (Pfeifer H. et al, 2005). 
Also HBI/DRI is minimized due to high energy consumption for melting regarding to the 
energy calculation formulas. The refining function (oxidation of C, Fe, Mn, Cr, and P) 
connected to the injected oxygen enables the model to choose more scrap that requires 
less melting energy and still deliver steel within the chemical specification. This results in 
the fact that the model maximizes the amount of injected oxygen for low quality steel 
grades to obtain lowered total energy consumption despite that it contribute to a higher 
chemical energy consumption. The model chooses to heat the steel as much as allowed 
in the electric arc furnace because of the higher efficiency than in the ladle furnace. 

3.2 Multi grade optimization with restricted scrap stock levels 
When optimizing, the system model prioritizes high volume steel grades compared to 
the low volume steel grades. In this way the average optimization result for the total 
volume are kept optimum. 

Because of the fluctuation of the price of both raw materials and electricity the model is a 
god tool to easy keep track of the optimum settings of the processes and the raw 
material mix into the system. Analyze of the results shows that critical scrap grades to 
maintain the quality restrictions are high quality new scrap and HBI/DRI. An interesting 
scenario to illustrate this is the synergy between high quality new scrap such as thin 
plate and bundled thin plate, sheared scrap, structural scrap and HBI/DRI. When there is 
no price difference between high quality new scrap and HBI/DRI the model suggests the 
high quality new scrap because of the higher energy consumption for the HBI/DRI. In 
figure 4 it can be seen that when the price difference is moderate (12.5%) the production 
cost decrease until a breakeven point where the extra energy consumption increase the 
production cost again. When price for the HBI/DRI decrease even more relatively to the 
high quality new scrap (30%) the production cost will decrease for all of the relations and 
no breakeven point can be seen. When HBI/DRI is used it can be diluted with low quality 
sheared or structural scrap depending of the steel specification. The HBI/DRI often 
requires more lime, to maintain the basicity of the slag, which also contributes to higher 
energy consumption. The model shows that the increased levels of slag and off gas also 
have to be considered while using HBI/DRI. Since the price of electricity also fluctuates 
this is also an important factor to the final solution.  



  

 
 

 

Figure 4: Total energy consumption and production cost connected to the relation 
between HQ new scrap and HBI 

3.3 Energy and cost effects 
Because of the two different objectives that can be chosen for the model optimization it 
is interesting to investigate what happens to the other objective when optimizing 
according to one objective. For the reduction of electricity it can be seen in table 1 that 
from the average specific electrical consumption the potential electricity savings are 8 
respectively 4.5 percentage when using energy objective and cost objective.  

Table 1: Potential savings of electrical energy for total energy and cost optimization 
objective 
Optimization case  Electricity 

reduction (%) 
Average process data 0 
Energy objective 8 
Cost objective 4.5 
Since electricity also is a major cost the model wants to keep this as low as possible. It 
can also be said that the low cost materials often have low specific energy consumption 
according to the electrical energy demand formula. 

4. Discussion 
The purpose for this work has been to develop a model for electric steel making that can 
handle multiple grade sequenced optimization with a dynamic scrap stock level 
connected. The model works in agreement with these conditions.  
It is especially for short term optimizations where the dynamic scrap stock level could be 
applied. The planned sequence for a steel plant often changes with relative short notice 
and scrap deliveries come frequently. Therefore the model with this function is 
preferably applied to a production sequence of a number of days or a week. The model 
could be applied for optimizations for production of the most profitable sequence of steel 
grades related to what is available at the scrap yard at that time. Market conditions 
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where the price can differ dependent on purchased amount of material can also be 
applied.  
 
Additionally it would be satisfying to use the model at a frequent basis to update the 
recipes for each steel grade. This would be done in agreement with the latest market 
conditions such as prices for steel scrap, iron ore based metallics, alloys, energy prices 
etc. In this way it could be decided which materials that should be prioritized during 
certain market conditions. This could be an important guidance also in an earlier stage 
while planning purchasing of material for a suitable period of time. It could also give an 
early guidance for future scenarios regarding increased levels of tramp elements in 
scrap grades, forecasted price changes over time for energy or materials, a quick way of 
evaluation for investments, production of new steel grades or the possibility to use new 
types of raw materials. 
 
The importance of doing cost and energy optimizations regarding to the entire 
production system has been shown. If a cost optimization would have been done 
independently for each process it is not sure that the result would have been entirely 
positive. Also, without consideration and limitations of important process factors in the 
individual process nodes, the results may have been non-realistic.  
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Synopsis 

A system model for electric steel making has been developed using Mixed Integer Linear 
Programing. The model includes iron ore direct reduction, electric arc furnace, ladle furnace, 
continuous casting and hot rolling. The purpose was to first analyze the optimum mix of a given 
set of raw materials, including variable HBI/DRI composition, for the goals of either lowest 
possible energy consumption or lowest possible cost in the electric arc furnace. Second, the 
analysis was extended to include the interactions between HBI/DRI production and EAF 
production for optimization of the combined system. Since process settings, energy consumption, 
by-products etc. are affected by the choice of raw material it is important to consider the entire 
system when trying to reduce production costs. Modeling results show that optimization of raw 
material mixes and optimum HBI composition must be considered due to great variations in costs 
and energy consumption. It is also important to remember that, although the described 
methodology is generic, an optimization solution is plant and market specific and therefore not 
generally transferable. 

KEY WORDS: Electric Arc Steelmaking; Direct Reduction process; Mixed Integer Linear 
Programing; Process Integration, HBI, DRI. 

 

 

 

 

 

 

 



  

 
 

1. Introduction  
One third of the total steel production in 

the world today is produced by electrical steel 
making1) and it is predicted to increase. 
Electric arc furnace (EAF) steelmaking is a 
very energy intense process, but concerning 
total production costs, the raw material mix is 
nowadays clearly dominating2). Höganäs AB is 
dependent on high quality scrap such as new 
steel scrap from the manufacturing industry. A 
global trend for the manufacturing industry is 
to produce more energy efficient products by 
using low alloyed steels instead of carbon 
steel, which in turn affects the scrap based 
steel industry. An increased usage of iron ore 
based metallic materials such as direct reduced 
iron (DRI) and/or hot briquetted iron (HBI) as 
scrap supplement is then needed for 
maintaining low levels of trace elements in the 
produced steel. However, changes to the 
ingoing raw material mix will affect the energy 
consumption of the production system and the 
chemistry of the final product.  
Potential new raw materials could also have an 
effect on the settings of the individual process 
steps in the system such as, alloying elements 
included in raw materials, amount of waste 
material generated or other environmental 
aspects. This altogether makes it important to 
include all aspects while trying to reduce raw 
material cost and energy usage to make sure 
that the chemistry of the final product is not 
compromised and that the calculated savings 
encompass the entire system. This paper 
describes how application of system modeling 
can be used to analyze individual raw 
materials and raw material strategies within 
electric arc steel making. The applied method 
will be validated by individual verification of 
the included processes.  

 
There are a lot of possible materials with 
different characteristics that can be combined 
in different ratios and charged to the EAF. As 
total material and energy prices as well as the 
relationship between material prices are 
fluctuating, the most cost efficient production 
is indeed not a foregone conclusion. Since 
direct reduced materials contain both gangue 
and iron oxide, they often have a higher 
melting cost compared to conventional steel 
scrap. Thus there must be a certain price 
difference in comparison to normal scrap 
grades to motivate the extra energy 
consumption and lower Fe yield in the EAF 
for melting of HBI, according to Höganäs 
present conditions3). As seen in Fig. 1 the price 
difference between iron ore, which is the 
dominating cost for a gas based direct 
reduction process, and steel scrap has 
increased. The figure shows ore prices for 
Chinese imported iron ore fines (62% Fe spot, 
CFR Tianjin port) respectively German fob 
export prices for old steel scrap. If this trend 
continues, the iron ore materials will become 
even more interesting from an economical 
point of view. 

 
Fig. 1. Price difference between iron ore and 
steel scrap (January 2012 – August 2014)2). 
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This work aims to analyze the use of different 
sources of raw materials and the coinciding 
effect on cost and energy consumption. 
Therefore a process integration optimization 
model for a generalized electric steelmaking 
plant has been developed including six main 
process steps; direct reduction, raw material 
pre-treatment, electric arc furnace, ladle 
furnace, continuous casting and hot rolling. 
The outline of the system model can be seen in 
Fig. 2. The system can be optimized with a 
total energy or a total cost objective. Total 
energy is defined as the sum of electrical 
energy and the energy equivalents for 
chemical energy added to the system4). 

2. Method 
The strategy used to describe the system 

has been to connect the individual processes in 
a system via flows of material and energy. The 
individual processes can be described by the 
occurring reactions of material- and energy 
input and the outgoing flows. When the 
outgoing flows are connected to other 
processes it is possible to analyze the total 
production system from a system perspective. 
This means that energy consumption, material 
consumption, CO2 emissions, production cost 
and time perspectives can be analyzed for the 
entire system5). 

Mixed integer linear programming (MILP) has 
been used for setting up the model. The Java 
based software ReMind6) has been used as an 
equation editor that generates standardized 
MPS-files (optimization problem descriptions) 
which can be solved with an external solver. 
The external solver used in this work is 
CPLEX7). A MILP solution includes 
continuous variables (material and energy 
flows) and floating variables that are used 
within the individual process nodes for 

creating mass and energy balances. Also, 
integer variables are included to make the 
modeling more flexible, for example to 
approximate nonlinearities or discrete choices 
between process routes. The object function is 
dependent on the focus of the study and can 
differ from energy usage to total cost for 
material and energy5). 
A basic description of the MILP methodology 
is shown below: 

 ,       

subject to       

…………...…….. (1) 

 ,  

Where, f (x,y) is the object function for the 
minimization problem; 

x are the studied continuous variables, (xi 
means the i:th variable); 

y represents integer variables; 

c are the coefficients for the object function. 
They can represent prices for materials or 
energy equivalents. 

2.1 General electric steel making model 
The general electric steelmaking system 

model including direct reduction (DR) process, 
scrap pre-treatment, electric arc furnace, ladle 
furnace, continuous casting and a hot rolling 
mill. The DR and EAF model has been further 
developed from previous work described by 
Lingebrant P. et al, (2012) and Riesbeck J. et 
al, (2011). Process data from the Höganäs 
Sweden AB production site has been used for 
the electric arc furnace and ladle furnace. The 
model gives a full overview of the system and 
cover aspects that will be affected by future 



  

 
 

and alternative raw material strategies. The 
model delivers results that are realistic and 
reliable. Total energy consumption and 
production cost have been included as 
alternative objectives. An overview of the 
system modeled can be seen in Fig. 2. 

 
Fig. 2. Overview of the system model. 

2.2 Direct reduction process 
A heat and mass balance model has been 

created using the Sim Flowsheet Module in 
Outotec´s HSC Chemistry 7.0 software8). This 
modelling environment consists of a graphical 
flowsheet connecting separate spreadsheet 
based process units. The layout for the DR 
model flow sheet is shown in Fig. 3. The 
model loop begins with DR pellets being 
charged into the DR reactor. In the reactor, the 
pellets react with inlet reduction gas (stream 2) 
producing hot DRI and outlet gas (stream 4). 
The hot DRI is then fed to the DRI cooler 
along with NG carburizing gas, where the DRI 
is carburized and cooled via reaction with 
natural gas resulting in iron carbide formation 
in the DRI and hydrogen gas (stream 1). The 
hydrogen gas is fed back into the DR reactor. 
The “gas” side of the process begins with the 
DR reactor outlet gas (stream 4) which is fed 
to a heat exchanger to pre-heat the recycle gas 
stream. The cooled outlet gas (stream 6) goes 
through some “conditioning” via the water-
gas-shift reaction to attain a suitable 
composition for recycling back to the process. 

The conditioned recycled gas (stream 9) is 
partially bled off (stream 13) to avoid 
accumulation of N2 in the system and then pre-
heated, as mentioned earlier, for further 
treatment in the primary gas “distributor” unit, 
D1. 

 
Fig. 3. DR process model layout (HYL ZR 
case) 

Here, the recycle gas composition is adjusted 
by removing CO2, dewatering and adding 
make-up natural gas feed (stream NG2). From 
the D1 unit, the exit gas is split into a bleed 
fuel stream and a process gas (stream 5). 
These are fed to a heater unit which acts as a 
process gas heater with some partial oxidation 
and reforming reactions take place that 
upgrade the reduction potential and 
temperature to form the inlet reduction gas 
(stream 2) and thereby closing the model loop. 
To be able to transfer and connect the DR 
process model to the ReMind system, a mass 
balance for ingoing- and outgoing flows was 
set up. Results from the DR model in HSC 
have been used to derive linear regression 
coefficients to express the consumption of 
natural gas and oxygen as functions of 
produced metallic iron and iron carbide in the 
model. Those can be seen in equation 2 and 3 
where NG is the natural gas consumption (GJ), 
O2 the oxygen consumption (nm3), Femet the 
outgoing metallic iron (ton) and CDRI is the 
amount of carbon (ton) in the outgoing DRI.  



  

 
 

 
…………………..… (2) 

 ……. (3) 

The amount of in-going pellets was considered 
in the mass balance and the chemical 
composition can be altered to simulate 
different DR pellet types. Also a fix constant 
of electrical energy consumption (kWh/ton 
DRI) for the process was defined. 

2.3 Scrap pre-treatment 
The purpose of this fictive scrap pre-

treatment node is to split up the charge 
material flows into flows of elements and 
oxides to the EAF according to equation 4, 
where WX is weight of element/oxide X (Me 
or MeO), Wn is weight of charge material n 
and w%X,n is the weight percentage of 
element/oxide X in charge material n. 

 ...……………….. (4) 

General specifications of chemical 
composition of different scrap grades are 
highly uncertain, if at all available. Therefore a 
multivariable regression model based on 
process data from 1400 heats from Höganäs 
Sweden AB was made to estimate the content 
of elements and oxides in each scrap grade. 
The objective of the regression model was 
minimization of the total sum of squares for 
error in calculated concentration (w%) of 
selected elements (Fe, C, Mn, P, S, Cu, Ni, Cr, 
Mo, etc) in the steel tapped from the EAF by 
adjusting the chemical composition of the 
charge materials (w%) and the distribution 
factors for each element and oxide to steel and 
slag3). 

2.4 Electric arc furnace 
The purpose of the EAF process, in the 

model, is to melt the charge materials and heat 
the molten steel to a target temperature. The 
main energy source is electricity (graphite 
electrodes) but about 1/3 of the energy is 
chemical heat from oxidation of metallic 
elements and combustion of fossil fuels in 
oxy-fuel burners. When the ingoing elements 
and oxides enter the EAF they will end up in 
either the steel, slag, dust or off gas. To model 
this, distribution factors for elements and 
oxides to these phases have been set up. These 
distribution factors have been statistically 
determined in the regression model described 
in equation 5. Other ingoing materials are 
HBI, DRI, slag formers, nitrogen for stirring, 
burner fuel and oxygen, and carbon- and 
oxygen injection via lances. Distribution 
factors for these materials have also been set 
up. In a general form, the equation for 
calculating the amount of element Me in steel 
can be written as equation 5, where DF and 
MW represent the distribution factor 
respectively the molar mass. Similar equations 
are set up to calculate the weights of oxides in 
slag and dust as well as components to the off-
gas. 

 

  

…………. (5) 

As the distribution factors are calculated based 
on normal production data from Höganäs AB, 
they represent the distribution for a typical 
Höganäs heat. The ingoing carbon has been 
divided into organic carbon (in charged coal), 
alloyed carbon (in scrap and pig iron) and iron 



  

 
 

carbide (in HBI/DRI). The charged carbon has 
been assigned an utilization factor of 25 % and 
the utilization factor for internal carbon from 
charged materials and HBI/DRI to 75 %. 
Those are valid for the typical furnace 
operation with average injection of oxygen. 
The calculated weights of elements and oxides 
in the different phases (steel, slag, dust, off-
gas) are further modified if additional oxygen 
or carbon is injected into the melt in the 
refining stage of the process to adjust the 
chemistry of the steel. Additional oxygen and 
carbon is assigned to oxidation / reduction of 
elements / oxides according to distribution 
factors. 

For the energy calculations two formulas has 
been used, an empirical formula (the “Köhle 
formula”) that calculates the electrical energy 
demand9-10) for the furnace and a theoretical 
formula which calculates the sum of the total 
energy consumption4).  
 
When the electrical energy demand is 
calculated a number of furnace parameters and 
ingoing material are considered such as 
tapping weight, total charge material weight, 
tapping temperature, tap to tap time, weight of 
individual materials (HBI/DRI, shredded 
scrap, hot metal), slag formers, lance and post 
combustion oxygen. This formula has been 
further adapted with additional charge 
materials and energy sources to improve the 
calculation of electricity consumption3,11). A 
factor for charge material pre-heating 
temperature (TPH) has been added. The 
power-on time is expressed as a function of the 
electrical energy consumption and the average 
furnace active power. The resulting equation 
contains non-linear combination factors 
GA*TA, GA*WR, GE*TPH. Since MILP 

Programing is used, the equation has been 
linearized by replacing these factors with 
GA,Avg and GA,Avg/YEAF,Avg which 
represents the average values of GA and GE 
for the specific furnace. The modified Köhle 
formula is presented in equation 6 below and 
explanations of the factors are presented in 
Table 1. 
 

 

                       ……………………. (6) 
 

Table 1 Factors in the modified Köhle-formula 

Factor Description Unit 

WR Energy demand kWh 

GE Weight of ferrous 
materials 

ton 

GA Weight of liquid steel ton 

GZ Weight of slag formers ton 

TA Tapping temperature °C 

tS Power-on time min 

tN Power-off time min 

MG Natural gas 
consumption 

m3n 

MOil Oil consumption liter 



  

 
 

MLPG LPG consumption liter 

ML Injected oxygen m3n 

MN Post combustion 
oxygen 

m3n 

GDRI/HB
I 

HBI+DRI consumption ton 

GHM Hot metal 
consumption 

ton 

GShr Shredded scrap 
consumption 

ton 

Gx Scrap grade x 
consumption 

Ton 

R0 Furnace specific 
regression constant 

na 

Rx Regression coefficients 
for charge materials 

kWh/to
n 

TPH Pre-heating 
temperature of GE 

°C 

Cp Average heat capacity 
of GE 

kJ/kg 

T0 Scrap yard 
temperature 

°C 

EtaEAF Average electrical 
efficiency of EAF 

na 

PEAF Average active power 
of EAF 

kWh/mi
n 

GA,Avg Average furnace tap 
weight 

ton 

YEAF,Av
g 

Average metallic yield 
in EAF 

na 

 
For calculation of the total energy input to the 
process, the theoretical chemical energy 
content for the fuels injected and the reactions 
from the injected oxygen are added to the 
electrical energy3,4,11).  

The energy consumption assigned to HBI in 
the calculation of electrical energy 
consumption has been determined statistically. 
To be able to predict the change in electrical 
energy consumption due to the chemical 
composition of the HBI the statistically 
determined value has been divided into two 
parts. One that depends on the physical 
appearance and structure of the briquette and 
is assumed to be constant and the other that 
depends on the enthalpy needed for heating the 
material from 298K to 1923K, equation 7. 

  

….……………………. (7) 

An addition regarding the energy required for 
reduction of FeO during the melting stage has 
been added to the calculations of total energy 
consumption. Only the organic carbon used for 
FeO reduction is assigned this energy cost, (33 
MJ/kgC)8) the energy cost for alloyed carbon 
and iron carbide are assumed to already have 
been accounted for in prior process step. For 
materials with deviating iron oxide amount, 
compared to the amount of iron oxide in the 
HBI grade that was used during the EAF 
model calibration, a necessary iron oxide 
reduction energy cost of 1.64 MJ/kgFeO

8) has 
been assigned. This is the endothermic 



  

 
 

reaction enthalpy for FeO + C=Fe + CO(g) at 
1923K. As the carbon content in HBI/DRI 
assumes to occur as iron carbide, there has 
also been assigned an exothermic energy 
dissolution factor of 1.44 MJ/kgC

(12. The EAF 
electrical efficiency is considered when more 
or less energy is needed for FeO-reduction. 
The average efficiency has been calculated 
according to equation 8 from a number of 
actual heats. Where ∆HSteel and ∆HRed,FeO is the 
enthalpy for the liquid steel respectively the 
reaction enthalpy for FeO with C at 1923K. 
This is divided with the sum of electrical 
energy and the electrical energy equivalents 
according to table 1. 

  

….………………. (8)  

2.5 Prediction model accuracy and validation 
Since the DR process is a fictive process in 
this system, that model has been calibrated 
with the help of data supplied from Tenova 
HYL process supplier Danieli Centro 
Metallics. The EAF and LF models have been 
calibrated based on known process data. The 
calculated results have been compared to 
average chemical analysis and other measured 
process data for a number of different steel 
grades, both for the model calibration and a 
validation period. Prediction accuracy for the 
steel chemistry prediction model and the 
electrical energy demand model do vary 
depending on the quality and variance of the 
variables in the historical database used for 
fitting of the models. Fig. 4 displays the 
prediction accuracy in terms of degree of 
explained variation (R2) for liquid steel 
chemistry and specific electrical consumption. 

For Si and P the model shows less than good 
accuracy because the model assumes constant 
distribution factors, i.e. does not consider the 
dependency when carbon content of the steel 
is variable, slag variations etc. Those reasons 
are also true for the accuracy of carbon which 
further depends on added oxygen, leakage air, 
process time, etc. Other elements and electric 
energy consumption shows good prediction 
accuracy considering scrap based steel 
making.  

Fig. 4. Degree of explained variation for single 
elements and electrical energy demand of 
electric arc furnace. 

3. Results and discussion 
The analyses focus on the use and 

production of HBI/DRI of different chemical 
compositions. Total energy consumption and 
total cost objective have been applied 
respectively. To illustrate how the model can 
be used for this purpose, the effects in the EAF 
and the interaction between the DR process 
and the EAF are the primary focus of this 
analysis. 
The total amount of scrap has been set to 
represent approximately one half of the 
charged metallic materials. Produced HBI was 
used fill up the rest of the required charge to fit 
the liquid steel amount of 50 ton per heat. The 
slag basicity (B2) requirement was set to 2.5, 
the minimum content of MgO in the slag to 12 
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percent, the FeO content between 15 – 25 
percent, the final steel bath carbon content to 
0.2 -0.4 w% and the slag amount at least 7 
percent of the steel amount. 
Simulations were carried out regarding the 
melting cost and total energy consumption 
depending on the characteristics of the ingoing 
HBI. The simulations were carried out by 
varying the gangue content (1.4 – 11.5 w%), 
the carbon content (0.5 – 4.5 w%) and the 
degree of metallization (86 – 96 %). Two 
different compositions of gangue has been 
simulated, one acidic and one basic 
composition.      

Table 2. Composition of basic ore and acidic 
ore gangue content.  

Species Unit Basic 
ore 

Acidic 
ore 

SiO2 w% 25 54 

CaO w% 30 13 

MgO w% 22 3.5 

Al2O3 w% 6 12.2 

 
The different compositions are shown in table 
2 in the form of percentage of the total gangue 
content. For the different scenarios the base 
values for gangue content, carbon content and 
degree of metallization has been set to 3 w%, 
1.6 w% and 93 % respectively. 

3.1 Gangue 
Fig. 5 and Fig. 6 displays the results for 

the variation of acid gangue content 
respectively basic gangue content. For the 
acidic ore the increase of melting cost (16%), 
specific electrical energy consumption (17.5%) 
and total energy consumption (34%) will be 

quite severe with increased levels of gangue. 
The increasing costs are mainly depending on 
increased volumes of acidic components in the 
slag that have to be compensated with CaO in 
a ratio of 2.5. Mostly, it is lime that is added 
but also MgO and the requirement to obtain 15 
– 25 percent of FeO in the slag will together 
contribute to the high amount of slag and 
decrease in metallic yield. 
 

 
Fig. 5. Yield, slag, and spec. electricity 
consumption versus acidic gangue content 
 

 
Fig. 6. Yield, slag, and electricity consumption 
for basic gangue content. 

The increase of melting cost (3.5%), specific 
electrical energy consumption (1.5%) and total 
energy consumption (7.5%) are not as severe 
when the gangue content have a bacic 
composition. The reason for this is that the the 
gangue in the material replaces the most of the 
weight of the added slag formers. The extra 
CaO added from the gangue need only be 
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compensated in a ratio of 0.4 in form of SiO2. 
In general when the slag amount increases the 
lower limit for iron oxide has to be reached. 
Which means an increased amount of injected 
oxygen for oxidation of iron. Therefore some 
of the electrical energy is replaced by chemical 
energy with lower efficiency4). This results in 
increased total energy consumption in the 
furnace, increased melting cost and decreased  
metallic yield. 

3.2 Carbon content 
Since there is no energy cost assigned to 

previously alloyed carbon or iron carbide in 
charged materials this carbon is preferred in 
favor of the charged elemental carbon (e.g. 
coal or coke). Fig. 7 show that when the HBI 
has low carbon content there will be a need of 
charged carbon for both FeO reduction and 
carbon alloying. When carbon content 
increases in the HBI, the need for charged 
carbon decreases quickly because of the low 
recovery into the steel (25 % yield) compared 
to internal carbon (75 %). At approximately 
2.5 w% of carbon in the HBI, the carbon limit 
balance is reached for the needs of FeO 
reduction and carbon alloying.  Above this 
percentage, the internal carbon will just 
increase the carbon content in the steel above 
the specified bath carbon level. 
 

 
Fig. 7. Charged carbon and internal carbon for 
reduction and alloying in furnace as function 
of w% C in HBI. 

The high total energy decrease in Fig. 8, 
before the optimum carbon content is reached, 
is explained by the fact that charged carbon 
has a lower utilization and thereby a higher 
energy cost than internal carbon with no 
energy cost connected. It can be pointed out 
that after reaching the optimal carbon content 
for total energy reduction electrical energy is 
decreasing even more with increased carbon 
content in the HBI because of the extended 
decarburization requirement, but still the total 
energy again starts to increase. This is because 
the energy cost for lance oxygen, according to 
Adams4), is higher than the reduction of the 
electrical energy, according to Köhle9). It can 
be noticed that the total energy start to increase 
at 3.0 w % of carbon in HBI. The reason is 
that by removing the need for charging carbon 
enables the possibility to use different scrap 
grades with lower specific melting energy. 

 
Fig. 8. Energy for FeO reduction, cost and 
total energy versus w% carbon in HBI. 

For high carbon levels above the optimum, 
where the excess carbon has to be oxidized, 
the oxygen also reacts with the iron and forms 
iron oxide which ends up in the slag. This 
contributes to a lower metallic yield or 
increased consumption of carbon powder for 
FeO reduction. It should be pointed out that 
the injected oxygen has fixed distribution 
factors to carbon, iron, manganese, chromium 
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and phosphorous (valid for 0.2 – 0.4 w% C in 
steel) and does not take into consideration the 
higher distribution factor to carbon for high 
levels of carbon in the steel bath. 

3.3 Metallization 
The effect of different degrees of metallization 
(MTZ) on the melting cost (-12%), total 
energy consumtion (-36%) and power-on time 
(-10%) can be seen in Fig. 9. When increasing 
the degree of metallization it is obvious that 
the metallic yield is increasing. As a result of 
the decreased percentage of iron oxide the 
associated energy for FeO reduction will be 
lowered. 

  
Fig. 9. Energy, cost and power-on time versus 
degree of metallization. 

3.4 Interaction DR-EAF 
When releasing the boundaries for degree of 
metallization and carbon content of HBI used 
in the model up to this point, the model will 
select 96% of metallization for both energy- 
and cost objective. Because of the specified 
range of carbon content in the bath the 
optimum value for cost objective are settled to 
2.25 w% C and to 1.83 w% C for total energy 
objective. For a fixed carbon content in the 
liquid steel the compositions would have been 
the same 
 

Fig. 10 displays the energy consumption for 
the DR process and for the EAF process at 1.6 
w% of carbon in the HBI. Here, total energy 
objective has been used. The figures are both 
per ton of liquid steel from the EAF. This 
shows that the savings of energy achieved in 
the EAF because of the decreased level of iron 
oxide will override the extra energy cost in the 
DR process. 
 

 
Fig. 10. Linear approximation of energy cost 
for DR process and EAF process 

Fig. 11 visualizes the curves for rising degree 
of metallization at different carbon contents. 
The degree of metallization has been varied 
for 1.1, 2.2, 3.3 and 4.4 w% of carbon. It can 
be seen that above 2.2 w% carbon the positive 
effect of the melting cost is being reduced at 
high degrees of metallization due to the excess 
carbon that has to be handled in the process 

 
Fig. 11. Total process cost for different carbon 
content versus degree of metallization 
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Since the percentage of HBI in the raw 
material mix (charged or fed) to the furnace 
differs it is also an important issue to handle. 
Results from cost optimization of the effect of 
carbon content in HBI are shown in Fig. 12 the 
analysis shows that percentage of charged HBI 
to the furnace can be increased with decreased 
carbon content to keep a minimum production 
cost level. The result is of course depending on 
the price and carbon content of the available 
scrap grades.      

 
Fig. 12. w% of carbon in HBI depending on 
the percentage of HBI charged to the furnace. 

4 Concluding remarks 
In some parts of this study HBI/DRI carbon 
contents above 2 w% have been discussed. 
The authors are well aware of the difficulties 
with briquetting DRI at high levels of carbon. 
Despite this, the relationships presented here 
should be useful for evaluation of DRI with 
higher carbon content than normal industrial 
practice. 

From the result it can be noticed that gangue, 
carbon, and degree of metallization are all 
important factors to consider when dealing 

with direct reduced materials in the EAF. To 
be able to gain the positive effects from the 
high degree of metallization or high carbon 
content in direct reduced materials, it is 
important to take in consideration the 
relationship between carbon content, the 
amount of iron oxide charged into the furnace 
and the specified carbon level of the finished 
liquid steel. On top of this, other materials 
used, such as pig iron and/or internal scrap 
must also be included in the overall 
assessment. 

According to present conditions at the 
Höganäs Halmstad plant concerning 
limitations and prices, it could be said that the 
optimal composition for the HBI should be 
approximately less than 4.5 w% of basic 
gangue, 1.8-2.3 w% of carbon and 96 % 
degree of metallization. Extra carbon can be 
used to reduce melting time if decarburization 
can be done within the time required for the 
electrical input.  

Further it is important to remember that it is a 
rather complex system where different plants 
and regions have different conditions. The 
chemical composition, size, density and 
availability of the ingoing metallic materials 
are factors that differ from plant to plant. Even 
more important for an optimal operation for 
different plants are the prices, the fluctuation 
of the prices and the price relationships 
between different metallic materials, injected 
materials, electricity and other energy carriers.

 
 
 

 
 

0

1

2

3

4

5

15 25 34 44 53 63 72 82 91 100Ca
rb

on
 co

nt
en

t i
n 

HB
I [

w
%

] 

Percentage HBI of charged material 



  

 
 

 
References 
1) www.worldsteel.org [assessed Oktober 

2014]. 
2) www.steelonthenet.org [assessed Oktober 

2014]. 
3) P. Lingebrant, J. Dahl, M. Larsson, E. 

Sandberg: Chemical Engineering 
Transactions, 29(2012), 523. 

4) W. Adams, S. Alameddine, B. Bowman, N. 
Lugo, S. Paege, P. Stafford: MPT 
International, 6(2002), 44. 

5) C. Ryman, M. Karlsson, C-E. Grip: Proc. of 
2nd International Seminar on Society & 
Materials, Nantes, (2008). 

6)  Software download page: 
http://code.google.com/p/tremind/. 

7)  Software product homepage: http://www-
03.ibm.com/software/products/en/category/
decision-optimization. 

8) HSC Chemistry 7.0 (software), Outotech 
Research Oy, Antti Roine. 

9) S. Köhle: Proc. of 7th Europ. Electric 
Steelmaking Conf., Venice, (2002), 26. 

10)H. Pfeifer, M. Kirchen, J.P. Simoes: Proc. 
of 8th Europ. Electric Steelmaking Conf., 
Birmingham, (2005), 211. 

11)J. Riesbeck, P. Lingebrant, E. Sandberg, C. 
Wang: Proc. of World Renewable Energy 
Congress, Linköping, (2011), 1676. 

12) M. Kirschen, K. Badr, H. Pfeifer, Energy, 
36(2011), 61



  

 
 

 



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (Adobe RGB \0501998\051)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.6
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Impact
    /LucidaConsole
    /Tahoma
    /Tahoma-Bold
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<


    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200036002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200036002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>



    /HUN <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 6.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200036002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 6.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>


    /SKY <>

    /SUO <>
    /TUR <>

    /ENU (Use these settings to create Adobe PDF documents suitable for reliable viewing and printing of business documents.  Created PDF documents can be opened with Acrobat and Adobe Reader 6.0 and later.)
    /SVE <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


