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ABSTRACT 

 

The complex structure of the energy and mass flows in steelmaking has resulted in many 

attempts to describe the process dynamics by models. Swedish steelmaker SSAB Tunnplåt is 

one of Europe´s leading manufacturers of high-strength strip steels. The company has ore-

based steel production in Luleå and strip steel manufacture in Borlänge. SSAB has a long 

practical experience on how to use optimisation models for planning and decision-making 

related to energy and material utilisation.  

 

Sustainable development is development aimed at improving the quality of life for everyone, 

and is a factor of increasing importance in the industry. The International Iron and Steel 

Institute (IISI) have suggested a number of sustainability indicators to measure economic, 

environmental and social performance for steelmaking. This paper exemplifies how the 

sustainability indicators; i) material efficiency, ii) energy intensity, and iii) greenhouse gas 

emissions, can be used as objectives for systematic analysis and optimisation of the industrial 

system. It is then possible to study possible conflicts or correlations between the different 

sustainability indicators.  

 

A MILP-based process integration model including cokemaking, blast furnace ironmaking, 

basic oxygen steelmaking, and continuous casting for the production of steel slabs has been 

adopted for this task. 

 

INTRODUCTION 

 

SSAB Tunnplåt is one of Europe´s leading manufacturers of high-strength strip steels. The 

company has ore-based steel production in Luleå and strip steel manufacture in Borlänge. 

Slabs are transported by train between the two production sites, situated approximately 800 

km from each other.  

 

In our time, different technologies can be used for steel production. About 1/3 of the global 

production is scrap based, often referred to as electric arc furnace (EAF) steelmaking. The 

most common way, however, accounting for approximately 2/3 of the total production, is 

based on the natural resources iron ore and coal and referred to as integrated steelmaking. 

 

The major steelmaking regions presently are China, the European Union, Japan, the United 

States and Russia. However, steels are produced in every region of the world except for 

Antarctica. 



The integrated steel works in Luleå includes coke ovens, an ironmaking plant with one Blast 

Furnace (BF), a steelmaking plant with two Basic Oxygen Furnaces (BOF), and a continuous 

casting plant with 100 % continuous casting (CC) of slabs, see Figure 1.  

 

In 2006, the plant used 3.1 Mtonnes of ore and 1.3 Mtonne of coal and produced 2.0 Mtonnes 

of steel slabs. In addition, almost 1.4 Mtonnes of by-products and residual products were 

produced, Figure 2. By-products are defined as products other than steel slabs which can be 

sold to external costumers. Examples are coke breeze, tar and pig iron. Residual products are 

partly used to recover iron and slag forming oxides, and if that is not feasible, deposited 

within or outside the plant. Examples on residual materials are BOF slag, process dust and 

sludge, iron ore pellet fines and oxide scale. 

 

Illustration:

SSAB Tunnplåt AB

 
Figure 1:  Main production flow at SSAB Tunnplåt AB in Luleå. 

 

There is a partial recirculation of dust and sludge. The dry dust from the blast furnace and the 

coarse fraction of the BOF sludge are recirculated as briquettes into the blast furnace. For the 

fine fraction of the BOF sludge and the BF sludge, there is no technique for recirculation, and 

those materials are presently being deposited as landfill. The hot BF slag is air-cooled and 

subsequently used for road building.  

 

The consumption of that slag varies from year to year, as it is dependent on ongoing road 

building projects in the area. During the years 2000-2006 about 300 ktonnes annually have 

been used for road construction. Another alternative could be to granulate the slag and then 

use it as a raw material for cement production.  
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Figure 2:  Gross material balance for crude steel production in 2006
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Approximately 1/2 of the BOF slag is re-circulated to the BF, the remainder is deposited as 

landfill. Limiting factors for re-circulation are the accumulation of Phosphorous and 

Vanadium in the system and, to some extent, the grain size of the slag. 

 

The coal and coke are used as reactants to extract iron from iron ore, but are also functioning 

as energy carriers. Part of this energy remains as energy-rich by product gases after the 

processes. There are three types of gases: Coke Oven Gas (COG) with a heat value of 

approximately 17.5 MJ/Nm
3
, BOF gas with a heat value of approximately 7 MJ/Nm

3
 and BF 

gas with a heat value of approximately 3 MJ/Nm
3
. In most integrated steel plants, the main 

part of this energy can be used in the subsequent rolling and finishing mills. In Luleå, this is 

not possible because of the distance of 800 km to those mills. Consequently, there is a surplus 

of process gases on site. A solution to this has been worked out in close cooperation with the 

local community, where the gas is used as primary fuel in a Combined Heat and Power plant 

(CHP) to produce a combination of electric power and hot water for district heating. The latter 

is an important commodity because of the location close to the Arctic Circle. 

 

SCOPE OF PAPER 

 

This paper describes how an optimisation model for systematic analysis and optimisation of 

energy intensity and greenhouse gas emissions in steelmaking systems have been enlarged for 

better analysis and optimisation of material efficiency. The performance of the system is 

measured by means of sustainability indicators suggested by the International Iron and Steel 

Institute.  

 

In the present state the model is in a provisional state, where parts of the flow equations and 

constraints remain to be formulated. The provisional mass balance model for residue and by-

product handling has been based and validated against data from SSAB Tunnplåt AB
1,2

 for 

the production year 2006.  

 

STEEL & SUSTAINABILITY 

 

Local environmental concerns 

Sustainable development is development aimed at improving the quality of life for everyone, 

now and for generations to come. For all types of industry this pinpoints a further need to 

optimise the environmental, social, and economic aspects in all decision-making. The steel 

industry is no exception in this respect.  

 

The steel producers continually improve their production methods - not least considering 

environment and energy. The high quality, the durability and the recyclability of the Swedish 

steel products also offer environmental advantages considering the entire life of the material. 

 

At SSAB Tunnplåt AB, daily process improvements, modern processes and cleaning 

equipment, etc have gradually decreased the environmental impact on the surroundings. The 

effect is visible both from studies of the direct effect on the surroundings and from measured 

emission and landfill data. Some examples on the emission trends are shown in Figure 3. 
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Figure 3: Some environmental key values from SSAB Tunnplåt AB in Luleå.
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Sustainability Indicators 

An indicator is something that helps you understand where you are, where you are going, and 

how far you are from your target, if you have one. For an indicator to be meaningful it must 

be derived from available data and have a global significance. Sustainability requires an 

integrated view of the world, thus requiring multidimensional indicators which link 

environmental issues with economy and social factors (society and health).  

 

In order to provide the steel industry with a systematic way of measuring progress in 

sustainable development, the International Iron and Steel Society (IISI) have suggested eleven 

sustainability indicators to measure economic, environmental, and social performance
3
; 

 

- - - economic performance - - - 

1. Investment in New Processes and Products 

2. Operating Margin   

3. Return on Capital Employed  

4. Value Added   

- - - environmental performance - - -   

5. Energy Intensity   

6. Greenhouse Gas Emission  

7. Material Efficiency  

8. Steel Recycling 

9. Environmental Management System  

- - - social performance - - -  

10. Employee Training  

11. Lost Time Injury Frequency Rate  

 

From a process optimisations view the economic and environmental indicators are the most 

interesting to focus on. The following parts of the paper will cover energy intensity (No.5), 

greenhouse gas emission (No.6) and material efficiency (No.7). Some of the other indicators 

could possibly be treated by a similar approach.  

 



METHOD 

 

Process Simulation and Optimisation of Steelmaking Systems 

The material and energy balances in and around a modern integrated steel plant are very 

complicated systems with interactions both within the plant and between the plant and the 

surrounding society. In contrast to the widespread application of optimisation in chemical and 

petroleum engineering, until recently little work has been reported on the optimisation of 

metallurgical operations. In fact, historically the accomplishments in this area are largely 

restricted to the routine application of linear programming to scheduling, inventory control, 

and similar problems
4
. To handle a global multi-objective system, an optimisation model for 

the SSAB Luleå steelworks, has been developed and applied on different energy optimisation 

problems for the system SSAB - CHP Plant - District heating
5
. Fairly similar tools for 

simulation of integrated steelmaking systems have been reported from Dofasco in Canada
6
, 

and BlueScope Steel in Australia
7
. All these models are formulated as process sub-models 

connected in a flow sheet structure to create a global heat and mass balance for the total 

system. The system is typically synonymous with a geographical production site. These tools 

are reported to be primarily used to investigate energy flow interaction and related emission 

formation from iron and steelmaking. 

 

Some attempts to extend the focus from energy and raw materials to the simulation and 

optimisation of residual product flows and by-products have also been reported earlier
8
. The 

present work is a renewed effort to formulate a more detailed model for material flows 

including all relevant feedback loops, landfill and storage, and by-products flows out of the 

gate from the site. 

 

Optimisation with a MILP model 

The process integration tool developed used in this work is a mathematical programming tool 

based on mixed integer linear programming (MILP). The model core is an overall mass- and 

energy balance for the production chain and separate sub-balances for the main processes 

which makes it possible to perform a total analysis for the steel plant and to assess the effect 

of a change in the operation practice for the different processes. The material and energy use 

are based on the process requirements for each sub-process, which are determined from the 

individual process description relating the ingoing resources with the outgoing main product. 

The consumption and excess of by-products are also determined from each sub-process 

model, Figure 4.  

 

 
 

Figure 4:  Modelling principle for each sub model. 

 

In the site model the different main processes (i.e. coke oven, BF, BOF, and CC) are 

connected together by each primary product, by-product, and energy interaction. A desired 

production volume of the prime product drives the model. The sub-processes are linked to the 

next processing step by the primary product from each process i.e. coke, hot metal (HM) and 



liquid crude steel (LS). The steel demand from the CC units will thus determine the 

production rate in the BOF, which in turn will determine the HM rate for the BF and so forth.  

 

Some processes are especially complex to model. Under these circumstances it can be 

justified to define a feasible operating range by use of off-line simulation models and to use 

the simulation results as input in the optimisation model. An example where stand alone 

simulation models can be helpful is the blast furnace process
9
.  

 

The energy and material flows and interactions of importance for the present model are shown 

in Figure 5 and 6. The energy flows are also listed in Table I, and the material flows which are 

accounted for at this stage are listed in Table II.  

 

A consequence of a general modelling approach (based on mass and energy balances) is that it 

is principal possible to use the same model to analyse several different objectives, by 

changing the objective function. 
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Figure 5: Main product flow and energy flows in the SSAB case model. 

 
Table I, Main product flows and selected energy flows in model. 

Flow # From To Type Comment 

F1 Coke oven  BF Coke Raw material 

F2 BF BOF Hot metal Intermediate product 

F3 BOF Sec metallurgy/CC Crude steel Intermediate product 

F7/F8 System boundary BF/BOF Iron ore pellets Raw material 

F32 CC System boundary Slabs Main product 

F13 Coke oven Lime furnace COG Energy 

F14 Coke oven BF COG Energy 

F15 Coke oven BOF COG Energy 

F16 Coke oven Gas mix node COG Energy 

F17 BF Gas mix node BF gas Energy 

F18 BOF Gas mix node BOF gas Energy 

F19 Gas mix node Power plant Mix gas Energy 

F23 Power plant Power net Power Energy 

F40 Power net System boundary  Power (To power grid) 

F41 System boundary Power net Power (From power grid) 

F49 System boundary Power plant Oil Energy 
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Figure 6: Flows of by-products and residuals, recycled, sold or disposed of. 

 
Table II, By-products and residuals in model. 

Flow # From To Type Comment 

F59 Coke oven System boundary Benzole Sold by-product 

F60 Coke oven System boundary Sulphur Sold by-product 

F61 Coke oven System boundary Tar Sold by-product 

F104 Coke oven System boundary Coke breeze Sold by-product 

F69 BF Dust collect node Dust  

F75 BF Slag collect node Slag  

F70 De-Sulphurization Dust collect node Dust  

F77 De-Sulphurization Slag collect node Slag  

F71 BOF Dust collect node Dust  

F80 BOF Slag collect node Slag  

F90 Sec metallurgy Dust collect node Dust  

F103 Sec metallurgy Briquetting plant Slag  

F108 Sec metallurgy BOF Slag  

F72 CC Dust collect node Dust  

F81 CC Scale collect node Mill scale  

F31 CC Scrap node Metal  

F91 Scrap node BOF Metal Recycling loop 

F84/F85/F87 Dust collect node Briquetting plant Dust  

F73 Dust collect node Landfill Dust Waste 

F76/F79 Slag collect node System boundary Slag Sold by-product 

F78 Slag collect node Landfill Slag Waste 

F86 Slag collect node Briquetting plant Slag  

F82 Scale collect node Landfill Mills Scale Waste 

F68 Briquetting plant BF Mix briquette Recycling loop 

 



Definition of the sustainability indicators in the model 

 

Energy intensity & GHG emissions 

The energy intensity is defined as the total energy used to produce crude steel normalised by 

the amount of crude steel produced
3
. Carbon is an essential raw material for the integrated 

steelmaking process and the GHG indicator is therefore based on a calculation of Carbon 

dioxide (CO2) emissions based on the difference between ingoing Carbon and the Carbon 

content of products. Credits are given for Carbon exported from the system in by-products.  

 

The energy intensity and the amount of CO2 emitted per tonne of crude steel produced varies 

greatly from one company to another, due to technological differences, coke and electricity 

making on-site or external, different auxiliary processes, and different energy sources. In the 

model used in this work the on-site auxiliary systems such as lime-furnace, oxygen 

production, briquetting plant and combined heat and power plants are included in the system 

even though they in practice are operated by other companies than SSAB. The production of 

district heat is included in the system model, however not credited at this stage. If it was, the 

energy intensity would be lower. 

 

Material efficiency 

Material efficiency measures the amount of material used for steel production compared to the 

material sent for disposal, landfill or incineration, relative to crude steel production
3
. It is 

calculated as the difference between crude steel produced and waste produced, divided by 

crude steel produced, and the multiplied by 100%.  

 

In the practical use this indicator proves somewhat difficult to apply to the SSAB case study, 

since the definition of secondary products and materials to landfill are not as razor-sharp in 

practice as in theory. In the provisional model the term “waste produced” has been translated 

to disposable materials. That is equal to materials which are going to internal or external 

landfill. Secondary products, which are sold from the system, are not accounted for as “waste” 

since it would remove the incentive to sort and upgrade by-products. The sales and useful 

disposal of some by-products depend on market conditions, and the recycle rate of some 

residuals depend on process conditions and present product mix, which means that the amount 

of material going to landfill is a quite complicated function to define. This also leads to that 

some landfills, particularly internal landfill areas, partly can be more of a long-term storage 

facility rather than a place for permanent disposal.  

 

In the present model no material storage is allowed and materials which are not used or sold 

out of the system are defined as disposables. This can lead to conservatively low material 

efficiencies at this stage of the work. 

 

Objective function / objectives 

An efficient industrial system should be operated in a way that maximises the profit, and 

minimises the energy use and environmental impacts. The minimisation goal, the objective, 

for the MILP model is described by the objective function that is independent of the model. 

Hence, several objectives can be used for the same model but only one objective function at a 

time. The objective functions defined in the analysis are minimisation of conversion cost, 

energy use and CO2 emission and residues to landfill. 

 



Generally, the objective function imbedded within the optimisation model, in mathematical 

terms can be written as follows: 

 

  Rix

n
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min     …(1) 

 

where,  z is the objective function for the minimisation problem. In this case it is the CO2 

emission which is set for the purpose of the optimisation; 

x is the studied variables (xi means the i
th
 variable);  

c is the coefficients for the objective function, and it depends on the objective 

function. For example, it could be emission factors for the variables.  

  

The coefficients for the objective functions used in the following case calculations are given 

in Table III.  

 

Emission factors for direct emissions are based on Carbon contents of the raw materials. 

Emission and material deductions are also made for the deliveries of prime slabs from the 

system and for some Carbon rich by-products. Description of by-product recovery within the 

model have been included to some extend, but is not fully covered in this version. Credit 

coefficients for products leaving the system, or disposed of within the system, are given as 

negative values in Table III. 

 
Table III, Coefficients for the objective function. 

 Unit CO2 direct 

(metric ton) 

Energy 

(GJ) 

Landfill 

(metric ton) 

Inputs     

Coking coal (t) 2.49-3.06 27.0-35.9 - 

PCI coal (t) 2.822 28.2 - 

External coke (t) 3.035 28.1 - 

Iron ore pellets (t) - - - 

Scrap (t) 0.015 - - 

Ferrosilicon (t) 0.002 - - 

Limestone (t) 0.428 - - 

Dolomite (t) 0.465 - - 

Burnt dolomite (t) - - - 

Other fluxes (t) - - - 

Oxygen (km
3
n) - - - 

Oil (t) 3.000 40.0 - 

Power (MWh) - 3.6 - 

Outputs & Landfill     

Steel slabs (t) -0.015 - - 

Coke breeze (t) -3.035 -28.1  

By-product tar (t) -3.387 -42.0 - 

By-product benzole (t) -3.368 -48.7 - 

By-product sulphur (t) - -2.2 - 

Landfilled dust (t) -0.035 - 1 

Landfilled slag (t) -0.002 - 1 

Landfilled scales (t) -0.001 - 1 

Power (MWh) - -3.6 - 

 

 



After the objective function is established, some necessary boundary conditions are defined to 

govern the process in order to make sure the results are reasonable and may be identified in 

the current system.  

 

The boundary conditions can be expressed by Equation 2 which is used to describe variations 

in the system. 

 

  niibix ,...,1, =≤     …(2) 

 

where, bi describes the boundary for the ith variable x. The xi variables could be the 

corresponding flow variables, and the boundaries, bi, are the corresponding restrictions.  

 

To test the provisional model different operating points have been introduced in the model. 

This has in principle been done by changing adjusting the BF practice between eight pre-

defined process setups with altering raw material mixes and variable use of coke and PCI as 

reductant. The constraints for some of the more important variables are summarised in Table 

IV.  

 
Table IV,  Process constraints for the principal nodes of the model. 

  BF BOF CC 

Prod. [t/h] - - 243 

Scrap use [%] Limited to 20 No limit - 

Coal injection [kg/t] 0-200 0 - 

Briquette to BF [kg/t] 20-80 0 - 

Rec BOF slag [kg/t] 45 0 - 

Slag volume [kg/t] 122-179 No limit - 

Slag CaO/SiO2 - 1.05 4 - 

Tap temperature [°C] 1468 1680 - 

 

 

RESULT AND DISCUSSION 

 

Optimisation of sustainability indicators 

 

A model for integrated steelmaking is proposed to make it possible to solve and optimise the 

sustainability indicators; i) material efficiency, ii) energy intensity, and iii) greenhouse gas 

emissions as a multi-objective optimisation problem. The model includes material flows and 

accounts for recycling, landfill and by-product sales.  

 

By introduction of pre-defined operating conditions (in the BF) the provisional model can 

produce a range of feasible solutions. These give a preliminary range for the objective 

functions as well as an idea of the possible relationship between the three sustainability 

indicators, Figure 7.  

 

The use of this model for energy and CO2 emission minimisation has been reported before. 

For the SSAB Luleå works it has been established that, when formulated as a minimisation 

problem, the energy intensity and CO2 objective are well correlated and can be 

simultaneously optimised
5
. This is generally valid for all integrated steelmaking since Carbon 

is used as reducing agent in the BF process.  

 



However, the material efficiency in the system is not strongly associated with the energy 

network. The result indicates that there is no evident correlation between on the one hand 

material efficiency, and on the other hand energy intensity and/or greenhouse gas emissions. 

This is very encouraging for the further development of the method for simulation and 

optimisation of the material efficiency indicator.  
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Figure 7, Provisional feasibility range and correlation for the;  

a) GHG emission - Energy efficiency indicators,  

b) Energy efficiency - Material efficiency indicators, 

c) Material efficiency - GHG emission indicators.  

 

At this stage the model is provisional for the reason that some constraints remain to be 

formulated and verified.  

 

Further need for improved variable and constraints handling in recycling loops 

The material efficiency is highly dependant on the possibilities to distribute residuals to 

secondary products and recyclable materials. All other residuals are waste to be deposited, 

which decreases the material efficiency. Example of a secondary product is air cooled BF slag 

which can be used as a construction material in road building. The market for the products is 

local and highly dependant on the road construction cycle. This will on yearly basis influence 

the material efficiency and has to be handled in the model e.g. by defining different future 

scenarios for the market development.  

 

The recycling rates of residuals are influence by factors such as chemical composition and 

size distribution. Valuable components to recycle are Iron, Carbon and fluxes. Limiting for 

recycling are unwanted components such as Phosphorus, Vanadium, Zinc and high moisture 

content. The recycling rate also influences the chemical composition of the residuals, leading 

to changes in the equilibrium compositions in the intermediate material flows. This has to be 

clearly handled by the variables and constraints in the modelling.  

 

BOF slag is partly recycled in the present system to recover the iron content and as a flux 

addition to the BF process. The recycling rate is limited by e.g. the Vanadium content. About 

1/2 of the slag is therefore deposited. Alternative processing routes for the residuals have to 

be considered in order to considerably improve the recovery rate for some materials for some 

materials such as the BOF slag and for residuals with high moisture content (sludges). There 

are suggestions how to solve these problems e.g. by introduce a slag processing step to 

recover Vanadium and to increase the recycling rate of the remaining residual slag. In order to 

evaluate the possibilities in a future production system it is valuable to include such 

processing alternatives in the model. 



 

The definition of material efficiency does not handle the accumulation and disperse of 

materials within the system boundaries and analysed period. This is a shortcoming since it 

does not allow for secondary products to be stored over a period of time. The material 

efficiency indicator is therefore influenced by the length of the analysed time step.     

 

As pointed out, the material efficiency indicator is time dependent. The indicator is relevant 

for the companies to follow in their environmental management system in order to see the 

development and trends. However, for the objective “material efficiency” to be of interest in 

multi-objective decision-making as described in this paper, the analysis should be made with 

considering longer periods of time. This could be achieved e.g. by making the analysis with a 

longer time span of the analysis (divided into different time steps) together with defined 

scenarios regarding legislation, market development of secondary products and possible 

investments in alternative processing. This is something that has to be analysed in 

forthcoming studies.  

 

CONCLUSIONS 

 

A previously developed energy and emission model for SSAB´s integrated steel works in 

Luleå has been extended to study material efficiency. The aim is to develop a model for multi-

criteria optimisation of material efficiency, energy intensity, and greenhouse gas emissions. 

This is believed to be important for the further understanding of the present and the future 

productions system. Data for the production year 2006 has been used to formulate and 

validate the model in its present state. The proper constraints and flow distributions of internal 

residual and by-product flows remains to be defined before the model can be used to optimise 

the material efficiency at SSAB Tunnplåt AB. 
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