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INTRODUCTION 

The interest for the effective use of energy has increased in resent years due to 
several reasons. The energy crises in the mid 70s and 80s led to increasing energy cost 
for the industry and an increased awareness in energy conservation. The specific use of 
oil for energy related purposes, which is a measure of the energy conservation, has 
decreased continuously from the 1970 for most industry branches. In the steel industry, 
this has fallen with over 50% from 1970 due to a shift to other energy carriers and new 
energy efficient equipment. Oil used as reducing agent in the blast furnace has been 
replaced by other injectants such as pulverized coal or natural gas. Oil used as fuel in 
heating ovens has been replaced by natural gas. The energy recovery in form of energy 
rich process gases has increased and is in many cases used internally as fuel for various 
processes. In integrated steel production the energy content in the off-gases from the 
different processes can be as high as 6-10 GJ/tonne of steel. The efficient use of this 
energy is therefore of great importance for the total energy use or specific energy use 
related to the steel production. 

According to the Swedish Energy Agency[1], the Swedish energy use in 2001 was 
approximately 397.9 TWh compensated for energy losses and non-energy use such as 
lubricating oils etc. The industry accounts for nearly 38% of this (151.2 TWh). The 
process industry, with energy intensive branches such as the pulp- and paper (49%), 
iron- and steel works (17.1%) and the chemical industry (5.3%) stands for substantial 
part of the industrial related energy use. Small efficiency changes in these industries will 
result in large absolute energy savings. 

In the energy proposition (prop. 2001/02:143), the Swedish government has stated 
that the effective resource management, including energy, makes out the foundation for 
economic growth and is essential for a sustainable development. The governmental 
support should concentrate upon support for use of the existing energy effective 
technology and support the use and development of new energy effective technologies. 
In accordance to this, a major task for the industry in general and particularly for the 
steel industry is to minimize the consumption of energy and raw materials as well as the 
environmental impact. A good integration between industry and the community can 
lead to both environmental and energy saving benefits 

The steel production in the world,  EU  and in Sweden 

The steel production can be divided into two main process routes: the integrated 
plant with the blast furnace / basic oxygen furnace (BF/BOF route) and the electro 
steel plant with the electric arc furnace (EAF route). The world steel production in 
2001 was 845 Mt, according to IISI121. The oxygen processes, e.g. BF/BOF route, 
accounted for nearly 57.7% of this. The EAF stood for 35% and the rest, 7.7%, was 
produced in other processes. For the Swedish steel industry, the total production was 
5.5 Mt and the BF/BOF share for this was 66.1%. 

The specific energy consumption for the BF/BOF route is typically in the range of 
15 - 17 GJ/ris  (ds  -= tonne liquid steel) or 18 — 22 GJ/tc (tc = tonne coil) , with full 
credit given for energy in process off gases, while the energy consumption for the EAF 
route is in the range of 4.4 — 5.4 GJ/ris. The difference is mainly due to the differences 
in raw materials. The EAF route uses scrap as main iron carrier for the production 
while the BF/BOF route uses iron ore. The reduction of iron ore is very energy 
consuming, hence the higher specific energy use. The theoretical minimum energies 
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needed to reduce iron ore* and heat the reduced iron to its melting point is 8620 
MJ/tonne. The corresponding minimum energies for heating scrapt to its melting point 
is 1274 MJ/tonne. However, due to the different raw materials, different steel grades 
are produced in the two process routes. The contamination element in the scrap makes 
some steel grades more favourable to produce from ore and other from scrap. In the 
BF/BOF route, the BOF converter can make use of scrap as cooling aid. It is thereby 
possible to get mix of hot metal and scrap in the integrated steel works. 

Description of the integrated steel plant system 

The integrated steel plants in general are highly integrated. Processes are connected 
together both through primary products from each process and through different  bi-
products or re-circulated materials. The integrated steel mill uses agglomerated iron ore 
as main iron source, usually in form of sinter or pellet, produced either in the sinter 
plant or in the pelletising plant. The agglomerated ore is reduced and melted in the 
blast furnace. For this, coke and other reduction materials such as coal, natural gas or 
oil is used. The coke is produced in the coke oven plant. The produced hot metal from 
the BF is refined in the oxygen metallurgy process (BOF converter) and alloying units. 
The liquid steel is finally cast into steel bars, slabs, which in turn are rolled into coils at 
the rolling mill. 

The system studied, SSAB  Tunnplåt  AB in  Luleå,  differs some from the traditionally 
integrated steel plants. The blast furnace is operated with 100% pellets; the system is 
therefore not equipped with a sinter plant. The steel chain is also limited to the 
processes up to the slab casting, since the rolling mill is located in another geographical 
part. The steel plant system studied in this thesis and in the included papers includes 
therefore only the process up to the slab casting, i.e. the coke oven plant, blast furnace, 
BOF melt shop, secondary metallurgy processes and refining unit and continuous slab-
casting units, see Figure 1. In the traditional integrated steel plant, the rolling mill is 
included within the system, where a large amount of the recovered high calorific gases 
are used. In the SSAB case, the excess gases are instead introduced as main fuel for the 
nearby power plant. 

Figure 1 	Schematic process layout of an integrated steel mill. 
Processes in the figure, from left to right: coke oven plant, blast furnace, de-
sulphurisation plant, BOF converter, secondary metallurgy processes and refining units, 
CAS-OB  and  RH  vacuum degassing unit, continuous slab caster 

Source: SSAB  Tunnplåt  AB 

Idealized iron ore (100% Fe203) reduced at 298K, melting point for Fe 1535  °C  
t 	Idealized scrap (100% Fe) initially at 298  K,  melting point for Fe 1535  °C  
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In a study by  Larsson  and Dahl[3], it was identified that the need for a general energy 
analysis tool, such as a PI-tool for the steel industry, could be classified in respect to 
the differences in the steel industry structure and in respect to the main products. 
Three different steel structures were identified: 

1. Steel producers with a high share of steel grades with expensive alloys, i.e. 
stainless steel grades etc. 

2. Steel producers with less expensive alloy steel grades. 
3. Steel producers that are niche steel grade producers with relatively small 

series of each steel grade. 

Due to these differences, investments in the first category are usually made with 
consideration to lowering capital value in the products. A regular stainless steel, 18/8  
contains 18% chrome and 8% nickel, where the capital value in the raw materials are 
relatively high in comparison to the regular steel grades. In the production, steel scrap 
with similar composition is usually used. By lowering the door-to-door time, the capital 
value for the product can be lowered. The investments in energy saving technologies 
have usually another driving force, i.e. environmental goodwill etc. For the second type 
of steel industries, the typical Fe content is above 95%, which is much cheaper than the 
alloying elements (i.e. Nickel, Chrome). In this category investments are done both in 
respect to capital value reductions and investments in energy saving technologies, 
mainly because energy costs has a high impact on the final product cost. For the third 
type, no general conclusions can be drawn, the production series is usually limited with 
high monetary yield. In this characterisation, SSAB  Tunnplåt  AB is a second type 
industry with typically Fe content >98% in the steel. 

Objectives of the study 

The process integration (PI) studies for the steel industry started in the division of 
energy engineering at  Luleå  University of Technology in 2000. The project started as a 
pre-study titled "process integration in a steel plant, pre-study" in January 2000 and was 
successfully bought to an end august 2000. The conclusions from this project resulted 
in further studies on the process industry and the steel industry in particular with the 
project "process integration in the steel industry". The overall goal for this project is to 
develop a useful P1-tool for the steel industries. The tool should be powerful and 
general enough to describe the complex and extensive interplay within the system. 

The scope for this study is: 
• development of an PI-model for the steel industry 
• identification of processes that constitutes the process map for the study 
• development of global mathematical models, including both theoretical 

study of process equilibrium relations as well as empirical- and semi-
empirical process relations for steel industry processes 

• Analysis of the material and energy system in steel industry processes 
• development and implementation of the PI-method in the steel industry 

The project is financed by the Swedish Energy Agency (STEM). Cooperation exists 
with two parallel projects. In the project "The steel industry energy system from a 
strategic perspective — development of the MIND method", co-ordinated by  Linköping  

t Fe-Cr and nickel alloys costs typically —770  resp.  —7800 USD/ton. 
Source: http:/ /www.metalprices.com, 2003-02-22. 
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University (LiU), the batch process and the integration of the steel system in an 
strategic perspective will be analysed. The second project, PRIMA, "Process integration 
of "The new blast furnace" in an integrated steel plant", coordinated by MEFOS 
research AB, financed by S fEM, SSAB  Tunnplåt  AB and  LKAB,  a powerful 
simulation model for the blast furnace will be developed. The aim with the model is to 
enable simulation of today's and tomorrow's blast furnace concepts. These cooperation 
projects are important building blocks for the process integration work carried out, see 
Figure 2. 

Software 
	

Geterkentratr /*# PI extited 	BF equation 
/modelling 

14th pep« 
MIND teem.> 
Study of tate 

prteneke. 

  

 

Bees prelm 
beerlapireeedecd lemesrfixt 

aünetetien extak4 

  

Figure 2 	Close cooperation projects 

Close industrial cooperation exists with the steel mill SSAB  Tunnplåt  AB, the power 
plant Lulekraft AB and the research institute MEFOS research AB. 

ENERGY AND ENVIRONMENTAL ANALYSIS OF THE STEEL 
INDUSTRY 

There are several ways of analysing and comparing the production- and energy 
system in the steel industry. When making a comparison between different steel plants, 
a benchmark is usually made. The study is made for instance in respect to the specific 
energy consumption, SEC, and is normally based on statistical data for each production 
system. The same method can be applied for other aspects such as production costs or 
specific CO2 emissions. Virtual steel plant- and process models are used for simulation 
of different process alternatives and modes of operation. The main problems with the 
system analysis, both comparison of different plants, and the evaluation of new process 
improvements are related to the definition of the system boundary, collection of 
process data, characterisation of different flows and treatment of recovered energies. 

Benchmark of energy use of SSAB steel plant 

In recent years several publications have been made on specific energy consumption, 
SEC, for the steel production chain. Sakamoto et a441  has published specific energy 
consumption figures for both the integrated- and the electric arc furnace route for the 
Japanese steel industry. From the IISI[5] two energy efficient steel route configurations, 
EcoTech and AllTech has been composed. The EcoTech option includes only 
financially viable and proven energy saving technologies (state of the art) for the 
conventional steel plant processes. The AllTech option includes all proven energy 
saving technologies regardless of payback time. By de beer et al ECOFYS[6], similar 
SEC figures for different process configurations based on specific plant data and recent 
publications have been compiled. In all these sources of SEC figures, full credit is given 
for the energy content in process off gases. 

An SEC analysis for the SSAB steel plant system has been made based on results 
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from the energy use study in paper  C.  The specific material consumption figures 
needed to make the analysis are found in Table 1. The calculated SEC, 18.6 GJ/t slab, 
is taken for the reference case. In the analysis made in paper  C,  the power plant was 
included in the system boundary. Credits were given only for electricity produced (and 
not used within the system) and for the heat produced and supplied to the district 
heating system. Adjusting for the system boundary difference between SEC reported in 
ref. 4-6 and the system boundary used in paper  C  the corresponding SEC are calculated 
to 16.5 GJ/t slab. This should be compared with the SEC figures calculated in Table 2. 

Table 1 Specific material data needed for SEC calculation based on SSAB 
reference run (2001 years annual report) in paper 3. 

Specific material consumption 
Pellet 	 1404 	kg/t slab 
Coke 	 338 
Hot metal 	 1017 
Scrap 
Liq. Steel/slab 	 1 046 
Recovered gases (CHP) 
Coke oven gas 	 0,47 	GJ/t slab 
Blast furnace gas 	 2,97 
BOF gas 	 0,64 
Losses 
Flared gases 	 0.5 	GJ/t slab 
Specific energy consumption 
SEC' 	 18.6 	GJ/t slab 
Powerb 	 1.14 
Heatb 	 1.23 
SEC (no credits) 	 21.0 
SECc 	 16.5 
a)  Referens  case calculated in paper 3.  b)  Generated at the 
CHP  b)  Credits given for recovered process gases comparable 
with international published data. 

The specific material consumptions listed in Table 1, and the corresponding SEC 
figures reported, are used to make the comparison for the production system according 
to: 

SEC = 	/ m, 
e 	e 

In which  E,  is the energy consumption for the product m„ for instance pellet, coke, 
or hot metal. Adjusted international published SEC figures are found in Table 2. 

Table 2 	SEC calculation adjusted for SSAB conditions in GJ/t product 

Ore preparation (pellet) 	2.1 	1.26 	1.26 	1 
Coking (Coke) 	 1.7 	4.07 	2.15 	5 
BF  (HM) 	 13.2 	12.33 	12.22 	13.5-25 
BOF (LS) 	 -0.15b 	-0.26 	-0.26 	-0.3-0 
Continious casting (slab) 	 0.10 	0.10 	0.1 
Gas  kredits 	 Included 	Included 	Included 	Included  
SECb (GJ/t slab) 	 16.8 	15.5 	14.7 	16.5-28.6  
a) including continious casting, b)Calculated specific energy consumption according to 
SSAB  Tunnplåt  AB reference described in Table 1 

The difference between the SEC figures reported for the integrated steelmaking 
route varies from 14.7 - 16.8 (28.6) GJ/t slab. The SEC for SSAB, based on actual 
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process calculation is in the upper range, 16.5 GJ/t slab, but within the range for the 
reported SEC figures. For the SSAB steel plant, the SEC figures have not been 
corrected for the flared gases, which correspond to nearly 0.5 GJ/t slab. If this is 
deducted, as is the case in the other SEC calculations, the difference between the 
lowest reported and SSAB will be even less, 1.3 — 0.5  GJ  slab (AllTech and EcoTech 
option). 

Based on the SEC calculation it is possible to determine an efficiency index, defined 
as the ratio between the actual and the reference consumption figures. An energy 
efficiency index, EEI, for SSAB with the EcoTech as reference is 106.5, meaning that 
the 6.5% of energy could be saved using the EcoTech level of technology. This brings 
out one important limitation with the analysis, identifying which energy saving measure 
that will result in a lower SEC. Other factors that make the comparison more difficult 
are: 

• Outsourcing of auxiliary processes, i.e. oxygen plants, steam boilers. 
• Scrape rate for the steel production. 
• Recycling rate, e.g. dust, scrap, BOF slag. 

• Recovery of process gases used by other companies. 
• The product mix. 

The analysis should therefore be accompanied by more detailed analysis of different 
process parameters, "explanatory indicators", discussed more by Eichhammer and 
Mannsbartn. Important explanatory indicators for integrated steel plants can be: 

• The iron carrier structure for the steel production i.e. Lumped ore /sinter 
/pellet /DRI /HBI /scrap. 

• The reduction rate structure, e.g. shift from coke to other injection material 
in the blast furnace. 

• Process gas recovery and flaring 
• Productivity figures for the different units, coke ovens, blast furnace, BOF 

melt shop and slab caster units. 

PROCESS INTEGRATION 

As discussed earlier in the SEC analysis, it is not simple to determine how and which 
process enhancements that results in a lower specific energy use. Due to the high 
integration of the processes in the integrated steel plant, changes in one individual 
process might result in negative changes in other parts of the system and for the total 
system. An early way of analysing the system was to create global simulation models of 
the whole system. Disadvantages with these "in-house" models are that they tend to be 
unique for the local conditions, but the optimisation problem is often general and 
plant-independent. The use of process integration methods is a way of creating a more 
general analysis. 

There are principally three different kinds of PI techniques: Pinch Analysis, 
Mathematical programming and Exergy Analysis. The common aim with all the PI 
methods is to minimise the energy use. The methods have different approaches to 
achieve this. In the Pinch analysis method the system is analysed in respect to the 
external heat and cooling demand. Possibilities for heat recovery within the system are 
identified. The method is preferably used in systems with heat exchange possibilities 
between different process streams. In the exergy analysis method, the processes and 
process steps are analysed in respect to the quality levels (usefulness) of energy and 
quantifies the losses in individual processes and systems in respect to this. Processes 
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can be analysed in respect to the exergy losses and from this different practices can be 
compared. In mathematical programming different optimisation models are used to 
analyse the system. 

Due to the high temperatures and the different characteristics of the different flows 
in the steel industry, i.e. liquid and solid steel, steam, chemical energy, the process 
integration methods can be used for different applications. The pinch analysis method 
is suitable for processes with heat transfer possibilities, usually in heat and steam 
networks but also for heating ovens etc. The Reichardt diagram% used in the 1920s, for 
characterising the energy balance in the blast furnace is similar to the pinch analysis 
method. The exergy analysis is suitable in comparing different processes and 
characterise different losses. Costa et a481 has presented a exergy study comparing 
different process routes. They apply the exergy analysis with an Life cycle inventory, 
making it possible to analyse the effect from diverse technological options for the 
different process routes. For instance, the use of excess energies or material flows. 
Petela et a191 have used a similar approach to analyse the effect of different blast furnace 
injection materials for iron making process. The problem with the method is however 
defining reference state for the varying process stream characteristics. The 
mathematical programming method is suitable for defining process behaviour, the 
interplay between different processes and for analysing the total system effect for 
changes in a subsystem. 

Development of a process integration tool for the steel industry 

The PI model for the steel industry is a mathematical programming method. The 
approach has been chosen in order to be able to model the different process behaviour 
and interplay between processes which has been identified as important aspects when 
analysing the steel industry energy system. The method is based on the MIND 
method (Method for analysing industrial systems) which is a mixed integer linear 
programming (MILP) method, making it possible to approximate non-linear functions. 

This method has been transferred from the originally shape to an object-based 
platform enabling for the possibility for a graphical user interface, which has been 
identified as one important success factor in creating an user-friendly model. The PI 
method for the steel industry has been further developed at Ltu. In this work, several 
aspects have been identified that characterises the material- and energy system in the 
steel industry. The method has been further developed to meet these requirements: 

• It is important to be able to model the different processes based on 
simultaneous mass- and heat balances. In order to do this, the equation 
editor has been further developed, which makes it possible to write several 
equations based on the same variables. 

• In the steel system, there are important  bi-products that are used in other 
processes, inside or outside the system. The possibility to include negative 
costs (credits) has been implemented in the objective function. 

• The different process duration and changes over time affect the steel plant 
system, which needs to be taken into consideration for some types of 
studies. To be able to model this, a flexible time division has been 
developed (superior time step). 

The mathematical programming method includes four steps shown in Figure 3, the  

P.  Reichhardt,  Arch. Eisenhuttenw., 1927/28,  vol.  1, pp. 77-101 
Originally developed at  Linköping  University (Lith)[10I. 
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information flows are indicated as arrows in the figure. In the first step the important 
processes are identified, the boundaries are stated and from this the system is 
simplified. In the second step, the optimisation model is created from a set of 
equations describing the system. These equations are formulated on bases from the 
first step. In the third step, an appropriate optimisation model is chosen. In the fourth 
step, the model results  are analysed and validated. 

Ic  
3 

Problem 
to be analysed 

4 

Draw conclusion 
	

1' Identify 
(Analyse result/ 
	

1  Delimit 
validate model) 	 1' Simplify 

Ii 

Optimise 
(Choose optimisation 

method) 

Create optimisation 
model 

(Formulate identified 
delimited simplification 

of the problem) 

Figure 3 Methodology for mathematical programming, the creation of an 
optimisation model 

System boundary and calculation principle 

An important part in the first step of the analysis is the definition of an appropriate 
system boundary and calculation principle for the problem in question. It is important 
to determine which processes that should be included in the analysis. If the system 
boundary is chosen to narrow for the problem in question, important effects and 
possibilities might be lost. The single effects in a sub boundary might be misleading for 
the total system. 

The calculation principle can be divided into three different types: the inventory 
analysis, impact assessment and the life cycle analysis. 

In the inventory analysis, the actual costs for the ingoing material are used and 
accounted for at the system. No corrections or credits are done for energy or energy 
saving possibilities in outgoing by-products from the system boundary. In an inventory 
analysis for the energy use, only ingoing energy flows to the system boundary are 
included, see Figure 4. 

In the impact assessment, the impact of the production on the surrounding is 
analysed. Earlier energy related activities, such as raw material handling and processing, 
for ingoing material are included. Credits for outgoing material flows, i.e. energy in 
recovered process gases or energy saving because of by-product use are also included. 
These are "Up-stream and down-stream" activities. In an impact assessment for the 
energy use, all energy use related to up-stream material handling, actual energy use 
within the system boundary and credit for down-stream energy are included, see Figure 
4. The SEC comparisons for different production configurations and plants, described 
earlier, are usually done according to this principle. 

In the life cycle analysis the cost for a product are calculated during its whole life 



Raw material preparation 
"up stream" 

By product,  energy 
(e.g. slag, process gases) 

"down stream" 

Energy utility/ 
Material utility 

Steel plant 	! 
(System boundary) 
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cycle, from "cradle to grave". 

Figure 4 	Calculation and system boundary principle 

In the mathematical model developed, the first two calculation principles can easily 
be implemented. The Life cycle analysis is possible to implement but more emphasis 
needs to be placed on the analysis. 

When the important processes have been identified and the calculation principle 
decided, the different processes are analysed. It is important to determine process 
relations describing the process in an adequate way for the analysis in question. In this 
analysis, it is important to determine if and how the system can be simplified, which 
boundaries might be used to delimit the problem. 

For the coke oven plant in paper  C,  the coke yield, gas yield and the energy balance 
for the coke oven was determined to be the important relations describing the process. 
The coke yield, determining the coal-to-coke conversion, was modelled according to 
existing empirical coke yield equation used at the coke oven plant: 

coke yield =  kl  + k2  x  Wt% voi• k3  x  (wt%  „h  k4 ) 	 (eq. 2) 

Where ki, k2, k3  and k4  are empirical derived constants to describe the coke oven 
plant. Weight percentages are in dry base. The function is derived for the SSAB 
processes, but with correction of the coefficients k1,...,k4  it is possible to adapt the 
function to other coke oven plants. A similar function exists for the coke oven gas 
yield. 

The system boundary for the energy balance was set around the coke oven battery 
according to: 

Qin + Qg Qout = 

Qfuei + Qair + Q + Qg 

Qi”  

s Qcoke Qloss
,

— 

 

(eq. 3) 

 

    

The ingoing energies are the fuel gas used for firing the coke oven battery, the heated 
combustion air, and the physical heat in the coking coal. The outgoing energies are the 
produced hot raw gas, the physical heat in the coke and thermal losses from the 
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battery. The difference between the chemical energy in the coking coal and the out 
going coke and raw gas gives a heat contribution to the energy balance. The system are 
assumed to be under steady state condition hence Qs, =O. 

The production rate out from the coke oven battery is identified as boundary 
condition. The coke rate is the driving variable for the balances. 

The other identified processes are analysed in a similar way, based on process 
specific relations. This makes it possible to calculate change in the operation practice 
for the different processes, such as ash- and volatile content in the coking coal mix, the 
top charged burden materials and the ratio between pulverised coal injection and coke 
for the blast furnace, the ration between the different iron sources for the BOF etc. All 
this leads to a flexible optimising model. The standard way of operation for the steel 
plant is possible to change by integrating new process equipment or materials. 

The optimisation model 

In the second step of the analysis, the optimisation model is composed of the 
different process model descriptions. The different sub models are crated graphically in 
the PI model, enabling an overview of the different processes. The main product of 
each sub-model is connected as a material flows into the corresponding sub-model. 
The by-products generated in the model are treated in the same way. The process 
equations make out a matrix of equations, where the interactions between different 
sub-processes in the steel plant are represented. The model is written in general form 
as: 

Ai x _.  bi  

A2 x + By b2  

Al 	7  \ 	\ 	  r 	0 1 x 	(b 	 (eq. 4) < 1 

LA2 	.13 Jo)  i   

x e  R I' ,  y e  {1,0} 

Where the variables  x,  which for the coke yield in eq. 2 are the dry mass volatile- and 
ash contents. They are defined continuous and real. The variables,  y,  represent binary 
variables. 

In the optimisation model, process models are developed for the main processes in 
the steel making chain, e.g. coke oven plant, BF, BOF and the continuous caster (CC). 
Since the rolling mill is located outside the system boundary the main gas consumer is 
the combined heat and power plant. The power plant constitutes the surrounding for 
the steel plant. In Figure 5, the different processes included in the model are shown. 
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- PROCESS INTEGRATION IN THE STEEL INDUSTRY - 

Figure 5 Simplified model definition of the SSAB Steel plant model. 

The main driving potential in the system is the steel slab production from the steel 
plant, which is set as a demand in the model. The steel slab production results in a 
liquid steel demand for the BOF. The BOF system results in a hot metal demand to the 
BF system which in turn give rise to the coke demand for the coke oven system. The 
power plant produces heat and electricity either from the excess process gases alone or 
by oil as supplementary fuel. 

The optimisation 

The third step in the analysis is the system optimisation. The objective function, 
which determines the parameters to be minimised, are independent of the process 
models. Hence, it is possible to use the same process models to examine other aspects 
of the problem, by change of the objective function. The objective function consists of 
the variables of importance for the problem. In general form the objective function is 
written as: 

min z = Ecixi,  j  =1,...n 	 (eq. 5)  

Subject to the problem definition (eq. 4). An energy based objective function, as used 
in paper  C,  is composed of the energy cost coefficients, cj, for the important variables 
xi. The energy cost coefficients are typically heat values, enthalpies etc. The system of 
equation is optimised using a MILP optimisation routine. A commercial optimisation 
code # has been used. 

The optimised results can easily be used to evaluate other aspects on the system. In 
paper  C,  an energy objective function was applied to the production system. The 
corresponding CO2  emissions were calculated using the optimised model results. 

# ILOG CPLEX 7.1 
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Validation of the model 

The last step of the analysis is the validation. This step includes both validation of 
the model, the solution and validation that the model sufficiently represents the 
problem in hand. 

The model validation has been done as a black-box validation against real process 
data; this to ensure that the model behaves in a reasonable way. The model results have 
been presented and discussed with an expert group at SSAB, consisting of staff with 
expert knowledge in the different fields at SSAB and Lulekraft. The continuous 
industrial interaction has resulted in an increased system and model understanding. The 
different model results have been validated against collected process data when 
possible. The model agreement is typical in the range of +-3%. 

To ensure that the model sufficiently represents the problem, the model detail level 
has been validated with help from the same expert group at SSAB and Lulekraft. 

SUMMARY OF PAPERS 

Paper A  examines the applications of process integration in the steel industry. In the 
paper, the three general process integration methods (pinch analysis, exergy analysis 
and mathematical programming) are discussed and actual applications made at SSAB  
Tunnplåt  AB are presented. The main conclusions from the study made were: 

• Process integration is an effective tool for supporting studies on alternative 
designs and processes. 

• Global simulation models have large similarities with the general PI 
methods. These methods have been applied in several applications. The 
importance of simple handling of the model was pointed out as one of the 
most important factors for success. 

• Implementations with the other PI methods have been made. The methods 
still need further development to apply in the steel industry. 

Paper  B  deals with the development of a PI method for the steel industry, based on 
the mathematical programming technique. The method was applied on a BOF 
converter model based on mass- and heat balance for the converter. The study showed 
that it was possible to create an optimisation model for the steel industry processes, 
based on the mixed integer programming technique. The ingoing materials could be 
described by process relations rather than by specific consumption figures. 

In Paper  C  the analysis has been applied to the total integrated steel plant system. A 
model for the total system has been derived, based on the identified processes 
constituting the process map for the steel system. The model was applied to analyse the 
specific energy use for the steel plant system including the excess gas use at the power 
plant. By including the power plant within the system, credit was given only for the 
useful energy leaving the system. In traditional energy analysis the given specific energy 
use figures do not take into account how recovered energies are used. By doing that, a 
truer SEC figure for the total system is obtained. The model included the possibility for 
practice changes for the different production units within the steel plant, new materials 
and the installation of new process equipment. 

The importance of choosing the right boundary for the system was shown by making 
the optimisation for different parts (e.g. processes) in the steel making system and for 
the total system. The system optimum in the different cases was found to be different 
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for the different subsystem and for the total system. Several improvements could be 
shown to improve the energy use for the system from the current 18.6 to 
15.4 MJ/tonne slab, these were to: 

• Balance the PCl/coke rate in the blast furnace to exclude external coke 
• Lower the volatile content in the coking coal blend to better match the 

demand, and further increase the coke production. 
• Increase the scrap/hot-metal rate in the BOF shop and a decreased hot 

metal production balanced against the internal coke production. 

The analysis also included the new materials and process equipments. By including 
these, direct reduced iron to the blast furnace, sensitive heat recovery from the hot 
stoves and scrap pre-heating, energy use could be reduced even more. 

From the model result the corresponding CO2  emission was calculated. From this, it 
was shown that the relation between energy minimisation and CO2  emission reduction 
is not linear. 

CONCLUSIONS 

In this research: 

• A process integration method for the steel industry has been developed. 
• Global mathematical models for the steel making processes have been 

developed 

• A PI model for the integrated steel plant system, SSAB  Tunnplåt  AB has 
been developed based on these equations. 

• A database for the important processes has been created and used for 
validation of the model and model results. 

• The PI model has been used in studies on the material and energy system 
for the integrated steel plant SSAB. From the modelling results, conclusions 
on environmental aspects, CO2  emissions, has been drawn. 

• The result has been tested and discussed with personnel in SSAB. 

FUTURE WORK 

In this thesis a mathematical model for the integrated steel plant, SSAB, has been 
developed. The steel production system has been evaluated on average hourly 
production. The model developed should be used as guidance to find the optimal way 
of operation, for instance in respect to the blast furnace operation, scrap input or 
coking coal mix volatiles. 

• The method needs further development in order to analyse and describe 
the effect of transients within the system. 

• How small process deviations from the optimal solution affect the objective 
function needs to be further evaluated. The robustness of the method 
needs to be investigated. 
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ABSTRACT 
1n-house spreadsheet models for energy optimization of the system steel plant - power plant - district 

heating have been used in decision making at SSAB  Tunnplåt  AB since 1989. General, branch-independent 
tools for process integration, e.g., pinch analysis and mathematical programming are now being 
implemented. Model development and some practical applications are described. 

INTRODUCTION 
A major task for the steel industry is to minimize environmental impact and the consumption of 

energy and raw materials. A natural step is to improve the behavior of the individual processes. However, 
the system steel plant - power plant - district heating forms a complex network, where a change of practice 
in one unit influences the behavior and energy economy of the other units. An energy saving in one 
individual unit will not necessarily lead to an energy saving for the total system. Methods are needed to 
optimize the consumption of energy and raw materials for the total system. These techniques are here 
defined as Process integration. 

An early way of carrying out that type of integration is to create Global Simulation Models of the 
whole system. An example is the successful implementation that has been described British steel (now 
CORUS)[1]. Many of the applications described in this paper are of this type. 

A disadvantage with in-house models is that they tend to be unique for the local conditions. On the 
other hand, the optimization problem is often general and plant-independent. Extensive studies were carried 
out after 1970 to create general models for global optimization. Principally three techniques emerged from 
this: Pinch Analysis, Mathematical programming and Exergy Analysis. This progress also meant the 
start of Process Integration as an acknowledged science in itself. 
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Temperature 
Linnholf et al [2] developed 

the Pinch Analysis when they Temperature 
studied energy balances in the 
petrochemical industry. The heat 
exchange in a  systern  with several 
streams was studied using the first 
and second law of thermodynamics. 	Pinch 
The streams were classified as cold 

	
ATmtn 

streams (streams that were heated 
up during the process) and hot 
streams (streams that were cooled 
down during the process). They 
added the enthalpies of all the 
streams to get two summary curves, 	a) Pinch diagram for a system 
one for the hot and one for the cold 
streams. These "composite curves" Figure 1 Pinch diagram and Grand Composite Curve (GCC) 
were plotted as temperature vs. 
accumulated enthalpy, as shown in Figure 1 a. The point, where the curves are closest to each other, is 
named the "Pinch". The curves are results of mathematical integration. They can be moved horizontally by 
modifying the integration constant. The horizontal position is chosen, so that the temperature difference at 
the closest point, AT,„,„, is big enough to ensure the heat transfer rate that is needed by the process. 

Usually, the distance between the two curves at different temperatures is of greater interest than the 
curves themselves. Therefore, a common representation is to show that parameter as a function of 
temperature as in Figure 1  b.  This type of curve is defined as the Grand Composite Curve (GCC). 

The pinch temperature divides the system into two parts, above and below pinch. The region above 
pinch is characterized by heat deficit, while the region below pinch is characterized by heat surplus. With 
this in mind the following three "pinch rules" can be stated. Any violation of these rules will result in 
increased demand for external cooling or heating or both. 

• Do not add external heat to streams below pinch, because the system has a surplus of heat. 
• Do not add external cooling to streams above pinch, because the system has a deficit of heat. 
• Do not transfer heat through the pinch, because then heat is taken from a region with a deficit of heat 

and transferred to a region with a surplus of heat. 
Pinch analysis has, since the start, been developed and used as a tool, e.g., for batch process 

integration and for total site integration. The applications have mainly been in the petrochemical and paper — 
pulp industries [3, 4]. 

There are few published data on applications for the steel industry. The "Reichardt diagram", which is 
principally a pinch diagram for the blast furnace, was published as early as in 1927 [5]. The pinch point in 
this diagram corresponds to the reserve zone of the blast furnace. An unpublished pinch analysis study was 
made at SSAB  Oxelösund  in 1991. The potential of the pinch analysis to show energy saving potentials was 
demonstrated. However, there were a lot of practical problems in applying the method. This was caused both 
by the complex structure of integrated steel plants and by the complexity of the existing tools. Later, studies 
at SSAB  Tunnplåt  AB in  Luleå  [6,7] showed the potential of pinch analysis as a tool in analysis of loCal 
subsystems in the plant. 

The method of Mathematical Programming is based on existing models for Economic Optimization, 
which are constructed in such a way that process models can be added as modules. There are several types 
of mathematical programming types: linear programming (LP), mixed integer linear programming (MILP), 
non-linear programming (NLP) and mixed integer non-linear programming (MINLP). Dependent on 
problem type, different ways of representing the problem are used. In MILP models, non-linear equations 
can be linearized using mixed integer. . In this way real processes can be represented more realistically in 
the model. A method based on MILP has been developed at the University of  Linköping,  and was 
successfully used for process integration work in the paper industry [8,9]. That model is referred to here as 

Hot stream 

Cold stream 

Enthalpy Enthalpy  

b)  GCC (same system) 
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MIND (Method for analysis of INDustrial Systems). Preliminary studies [6,71 showed that this type of 
model would be a useful tool for analyzing the  Luleå  system. Some details are given in the text. 

Exergy is the part of the energy that according to the first and second law of thermodynamics can be 
converted into work. An exergy balance of SSAB  Tunnplåt  AB was carried out as a master thesis project 
[10]. Some details are given in the text. 

The scope of this paper is to describe experiences with Process integration at SSAB  Tunnplåt  AB: 
development and use of Global simulation as a tool for management decisions and the experiences with test 
implementations of Pinch Analysis, Mathematical programming and Exergy Analysis. 

IMPLEMENTATION OF DIFFERENT PROCESS INTEGRATION METHODS AT SSAB  
TUNNPLÅT  AB IN  LULEÅ  

Description of the Energy Network at SSAB  Tunnplåt  AB in  Luleå  
The integrated steel plant consists of one blast furnace, one BOF plant with two converters and two 

slab casters. The slabs are transported by rail to the rolling mill in  Borlänge.  Another company (1NEXA) 
operates a ladle furnace, a bloom 
caster and a rolling mill within the 
same plant area. 

The major flows of energy 
media in the system are shown in 
Figure 2. Three types of fuel gas are 
produced and recovered: blast-furnace 
gas with a heat value of approximately 
2.7 -3 MJ/Nm3, BOF gas with a heat 
value of approximately 6 MJ/Nm3  and 
coke-oven gas with a heat value of 
approximately 18 MJ/Nm3. These 
gases are used as fuel to produce 
electric power and hot water for the 
district heating in a local heat and 
power plant (LULEKRAFT), which is 
owned by SSAB and the municipality. 

The under-firing of the coke 
oven plant is fueled with pure coke-
oven gas, not with a mixture of coke-
oven gas and blast-furnace gas. This 
decreases the amount of coke-oven 

Figure 2 Major flows and uses of energy gas in the system SSAB 
-Lulekraft-Community. The figure shows the situation in October 
2000, after the commissioning of the new blast furnace. (Before 
July 2000 there were two smaller Blast Furnaces.) 

gas available for the rest of the system. Also the gas recovery system in the steel plant is old and it produces 
a BOF gas with a comparatively low heat value. 

The hot stoves of the blast furnace are fired with a mixture of blast-furnace gas and coke-oven gas 
with the heat value adjusted to give the desired flame temperature. The lime furnace and the ladle and 
torpedo pre-heaters use pure coke-oven gas. The rolling mill of INEXA uses the available amount of pure 
coke-oven gas. If this is not sufficient, propane is used as additional fuel. The heat and power plant of 
LULEKRAFT uses a mixture of the available surplus of all three gases. For safety reasons (explosion), there 
is a lower limit in heat value of the gas mixture. Oil is used as additional fuel if the heat value of the mix is 
too low. The time needed for starting and closing of the oil burners adds a dynamic element to that practice. 

Together these factors result in a gas balance with a relative lack of high calorific gases. One main task 
of gas management has become to supply gas with a sufficient heat value to the subsystems, and to optimize 
the supply of coke oven gas between competing consumers. 

The electrical power produced at LULEKRAFT corresponds approximately to the needs of SSAB  
Tunnplåt  AB. The differences in outdoor temperature between summer (normally up to + 25°C) and winter 
(normally down to -35°C) influence the demand of hot water for district heating. To compensate for this, 
LULEKRAFT modifies the practice between condensing and counter-pressure practice. Oil is used as 
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additional fuel if the gas supply is not sufficient to cover the demands of the district heating. This occurs 
during the coldest months of the year. During the main part of the year there is a surplus in the hot water 
balance. 

The BOF gas recovery produces a considerable amount of steam. Steam of different pressure is used 
both for heating and for the  RH  vacuum pumps. Both supply and demand of steam show big fluctuations. 
These are balanced by steam delivered from LULEKRAFT. 

Development of Models for a Global Simulation of the System SSAB  TUNNPLÅT  AB + 
LULEKRAFT + District Heating 

General structure - The first model for energy optimization was constructed in 1989 with 
refinements in 1990 -1991. The model included all the material and energy flows shown in Figure 3. It was 
built in a spreadsheet environment. The model structure is shown in Figure 3 a. The model consisted of 
three main blocks: the Physical model, the Economic model and the Fluctuation model. 

a) Global simulation model 
	

b  Simplified global model 

Figure 3 Global simulation models of SSAB  Tunnplåt  AB in  Luleå  

The Physical model calculated the process data of all units and calculated the net flows of energy and 
raw materials in and out of the total system. There were individual models of all units and these models 
communicated with an INTERFACE model. That model exchanged data between the models and calculated 
the net flows in and out of the total system. No direct exchange of data between the submodels was allowed. 
The reason for this was both to prevent errors, and to make it possible to "plug in" other models, e.g. if other 
reduction processes were considered. 

Relative to the Economic model, the Physical model is a "black box", where only the net flows in and 
out of the system are visible. These flows were multiplied by the price and added together. 

The Fluctuation model considered a table of the variations in flow rates, heat values, etc., over one 
year, made one calculation for each case and calculated a weighed arithmetic mean of the results. 

Some details of the physical model - For the blast furnaces an in-house model, written in the same 
spreadsheet language, already existed. The model was a static model based on full heat and mass balances of 
the hot stoves and the top and bottom zones of the blast furnaces. The network of interaction within that 
system is complicated. The iteration mode of the spreadsheet program was used to find a solution for the 
total equation system. The model was calibrated against the existing blast furnace practice. It was 
established and used off-line within the blast furnace department as a tool for decision making on 
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modifications of equipment, practice and raw material mix. This model was modified, so that it could 
communicate with the interface model, and then included as a sub-model in the global model. 

The coke oven plant model was written especially for this program. It was mainly a heat and mass 
balance model using data on coal mixtures and coal composition and quality. It also included some 
empirical relations, e.g., the effect of different parameters on coke quality, and the effect on heat value on 
some of the gas treatment operations. The calculations in this sub-model were straightforward and no 
iteration loops were needed. 

The steel plant model included a model in which the amount and heat value of the BOP gas was 
calculated from a mass-balance of the BOF—converters plus empirical data on the post-combustion in the 
hood. There was also a simple model of the ladle preheating. This model also calculated the consumption of 
coke-oven gas, and it also took into account the possibility of substituting oil for coke-oven gas. 

The Heat and Power Plant model included heat and energy balances of the boilers with gas and oil 
burners, as well as for the counter pressure turbines. There was also an empirical model of the hot water 
usage for district heating. The burner model calculated the effect of different gas mixtures in the heat 
economy. It also included models for the substitution with fuel oil for two cases: firstly when the heat value 
of gas was below the safety limit and when there was not sufficient gas to cover the need of hot water for the 
community (cold winter). The turbine model adjusted the mixture counter pressure practice/condensation 
practice to the hot water consumption. 

The rolling mill model simply stated the fuel consumption. Coke-oven gas was used as a first choice, 
if there was not enough gas available, light fuel oil made up the deficit. There were also some other users of 
coke-oven gas, e.g., the lime furnace. Simple consumption models were included for these units. 

Some details of the fluctuation model - The model described in the previous chapter assumes 
constant values of all parameters, and the output is relevant only for one single combination of parameters. 
In reality there are both periodic and stochastic variations in a big part of the parameters, e.g., the big 
difference between summer and winter climate in  Luleå  causes big seasonal variations in the consumption of 
hot water by the local community. There is also a 24-hour variation (day and night consumption) and there 
are stochastic short-term variations in the availability of the different energy gases. 

An extension of the model was made to cover the effect of these fluctuations. The principle was that 
the model calculated an extensive series of cases with different input values of the parameters. After that a 
weighted mean of the output was calculated, corresponding to the statistic probability of the different cases. 
The calculation was done using a combination of two overlaid models: 
• A seasonal model consisting of 12 cases, one for each month of the year. The monthly mean 

consumption for a standard year was evaluated from the database of the heat and power plant. 
• A short-term model including fluctuations in the flow of four media: Hot-water consumption, blast-

furnace gas, coke-oven gas and BOF gas. A table was made of 16 cases with different values of these 
four parameters. 

The table of 16 cases allows for a stochastic combination of two values of each variable: day and night 
consumption of hot water, minimum and maximum availability of each one of the three energy gases. The 
model using this set of values is defined as the extreme value model. The choice of 16 cases was a 
compromise. Intermediate values could enable greater accuracy. On the other hand, the present model layout 
meant that a complete recalculation for the total system SSAB + Heat and Power plant + Community had to 
be made 12*16 =192 times. An increase in the number of cases would have caused an increase in calculation 
time that would have been unrealistic, considering the capacity of the PCs that were available in 1988. 

Of the 4 parameters in the table the availability of coke-oven gas was considered to have the biggest 
influence on the result. To study the effect of intermediate values, another table of the same size was made. 
The availability of coke-oven gas had 16 different values, and the three other parameters were constant. The 
result for each month was calculated as a weighted mean of the 16 cases. The weights were chosen to give a 
normal distribution in the amount of coke oven gas. This model is defined as the normal distribution 
model. 
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Figure 4 Sankey diagram for the coke oven. The diagram is based on a heat 
balance for a limited period during 1999. The unmeasured losses are mainly 
due to radiation from the battery. 

Table I. Simplified stream data for the pinch 
analysis. The hot streams are those who submit heat 
and the cold streams are those who receive heat. 
Reference conditions are 0°C and latm. 

Stream no. Tstart Ttarget Hot/cold 
1: Coal 20 1050 Cold 
2: Coke-oven gas 65 2120 Cold 
3: Combustion air 20 2120 Cold 
4: Coke 1070 20 Hot 
5: Raw gas 700 35 Hot 
6: Exhaust gas 2095 20 Hot 

Reduced global model - The global optimization model proved to be a very effective tool for energy 
optimization and for the production of material for structural decisions. On the other hand, it was considered 
very laborious and could be operated effectively only by the designers. For this reason a reduced model was 
produced according to the flow sheet in Figure 3  b.  This model was simpler, which increased the number of 
engineers that could handle it. The scope of that model has gradually expanded, e.g., with calculations on 
global mass balances and recirculation, as well as a simple model for gas fluctuation. 

Pinch Analysis of the Coke Ovens at SSAB in  Luleå  
A pinch analysis was done, using heat and mass balances on a system consisting of the 52 coke ovens, 

gas recovery, charging of coal and production of coke. The gas treatment was not included. Figure 4 shows 
a Sankey diagram of the system. From the heat balance the following streams are identified: 
• Coal enters the system (and oven) non-preheated. The coking time is 18 hours, after which the coal has 

reached a temperature of 1050°C. While the coal is heated, volatiles, the raw gas, are given off. The coal 
has then been transformed into coke. 

• The coke has a temperature of 1050°C when it leaves the oven and is "quenched" by water to 20°C 
• The raw gas has a temperature of 700°C when it leaves the coke oven. In the gas treatment processes the 

gas will be cooled down to 35°C. 
• The coke oven is under-fired with coke-oven gas and 10% excess air. The combustion air is preheated 

with steam (1-1.5 tonnes/h). The coke-oven gas is not preheated. 
The coke oven 

consumed coke-oven gas 
corresponding to 82  MW  
of energy. The adiabatic 
flame temperature was 
calculated from the gas 
composition. The start 
temperature of the 
exhaust gas equaled the 
target temperature of the 
fuel. 	The 	target 
temperature corresponded 
to the surrounding 
temperature. The energy 
content in the exhaust gas 
was equal to the supplied 
primary energy of 82  
MW.  

The first step in the creation of a pinch 
diagram was the definition of hot and cold streams. 
These are shown in Table I. The hot and cold 
composite curve was constructed by adding the 
constant heat capacity in each temperature interval 
due to the different start and target temperature of 
the streams. In the temperature interval 20°C 
65°C the enthalpy of the cold composite curve was 
calculated by adding the enthalpy of stream #1 and 
#3, between 65°C and I050°C the sum of 
contributions from stream #1, #2 and #3 was 
included. If the heat capacity was not constant 
within the temperature interval, the interval was divided into smaller parts where the heat capacity could be 
treated as constant. This occurs, e.g., at the condensation of water from vapor. 

548 	 2001 STEELMAKING CONFERENCE PROCEEDINGS 



Blast 
Furnaces 

d  gas  I  

Gas 
Network  

Energy 
demand 

Power 
Plant  

The horizontal adjustment of the curves was made so that minimum temperature difference, ATmin, 
between the streams (compare Figure 1 a) was equal to 0°C. 

Development of a Mathematical Programming Model of the  Luleå  System 

Model structure —A model was built for two blast furnaces, the existing gas network with blast 
furnace gas, BOF gas and coke-oven gas and the power plant (Lulekraft). There is a complex network of 
material flows within the system, as well as different types of energy flows: coal and coke (both as energy 
carrier and as reduction agent), hot blast, oil, steam, electric power and process gases. These flows are 
dependent both on each other and on the processes. A simplified flow sheet is shown in Figure 5. 

The core of the model was the MIND 
software, which is based on Mixed Integer 
Linear Programming (MILP). The modules 
were process models that had been modified 
or especially created to fit into the system. 
The model is limited by boundary 
conditions (material and energy conditions), 
mass and energy balances for each process 
(constraints) and an objective function for 
minimizing the total system cost. 

The existing in-house model for the 
blast furnace and hot stoves was used to 
calculate the process data for a number of 
cases. The calculated data were used to 
formulate a simplified model of blast 
furnaces and hot stoves, which was then 
inserted as a module. For the other systems, 
models based on heat and mass balances 
were developed. 

Chargel 
matzrial  

mi cd  

RZE(571- 	 
Heat 

Products 
Iron slag 

Figure 5 Simplified testing with mathematical modeling of a 
steel process and its interaction with other systems. 

Basic equations— The model was built up from a number of "nodes". A node was defined as a unit, 
which is passed, by either material or energy. The nodes were connected by "branches", which represented 
flows between nodes and processes. The system was described mathematically by material and energy 
balances for each node. A material balance will represent processes passed by material; a simplified material 
balance is given in Equation 1. Energy balances will represent processes passed by energy. A simplified 
energy balance for electricity is given in Equation 2. 

EN/. _Emo„, o 
—EE.., 0 

where 
Min is material entering the system (node) and Mow  is material leaving the node.  
E,„  is electricity entering the node and E5„1 is electricity leaving the node. 

Material and energy can be converted in a process. For instance fuel can be into converted to steam 
and coal can be converted into coke. Equation 3 represents energy converted in a process with the 
conversion factor cm, yielding a converted form of energy.  

x c  — Es., 0 
	

(3) 
where 

F1 , fuel entering the node and Cin  is a conversion factor. 
S„,,, is produced steam leaving the node (with the same unit as the fuel, e.g., kWh). 
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Equations 1-3 are named constraints and can be written in a general form as 

Eaü x b (i 	 (4)  

where  
j  is the number of linear variables  x  and  i  is the number of equations. 

Equation 5 is the objective function written in general form, which defines what is to be optimized 
(maximized) in the system. 

max lc i x j 
	

(5)  

where  
c  is costs (economic or in other measurable units such as energy usage) for the linear variables 

x.  

The model can be set to minimize energy consumption, environmental impact, CO2  emission, etc., 
simply by using an objective function, which describes those parameters instead of cost. 

Simple Exergy Balance 
An Exergy balance of the steel plant of SSAB  Tunnplåt  AB in  Luleå  was carried out as a master thesis 

project [10]. The study covered all energy and media flows during January 1989. Individual balances were 
made for the following units: the coke oven plant, blast furnace No.1 and No .2, the BOF Plant, the 
continuous casters and the oxygen plant. Some subunits were studied separately: coke ovens, hot stoves and 
turbine blower of Blast Furnace #2 and BOF #2. All Energy flows were converted into Exergy, and balances 
were calculated for the individual units as well as a global exergy balance for SSAB  Tunnplåt  AB in  Luleå.  

RESULTS 
Global Simulation Model: 
The model came into direct practical use immediately after its construction. The background was a 

major breakdown of the ceramic material in the coke oven plant. Because of the repair work, the plant had to 
be run at 60 % of its capacity for approximately 11/2  year. The drastic decrease in availability of both coke 
and coke-oven gas would cause a major io 
difference in the energy balances. The first 
task of the newly constructed model was to 
find a working mode so that the system SSAB 
+ Lulekraft + district heating could be operated 
with an acceptable heat and energy balance. A 

5 lot of different alternatives were studied in the 
model and compared. 

The analysis suggested, that a stand-by 
oxygen plant should be taken into operation 
and that the additional oxygen be injected in 
the blast furnace together with an increased 	0),  
amount of PCI coal. 	 a 	 1000 	 2000 	 3000 

Figure 6 shows the calculated effects of 	 Production in oxygen plant 2, Ids1m3/h 

the additional oxygen. The amount of coke- 
oven gas that was used in the blast furnace hot Figure 6 Use of the global simulation model to investigate 
stoves decreased with increasing oxygen optimal production practice during the revamping of the 

coke plant in 1987 injection, mainly because of decreasing need 
for blast temperature. This in turn influenced the gas balance of the other units. One important effect was 
that the amount of oil that had to be used in the rolling mill furnaces decreased. The economy improved  
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steadily until the amount of additional oxygen had reached approximately 2500 kNm3  02/h. After that there 
was a surplus of coke-oven gas, and there was no credit from the gas balance, only the cost for extra oxygen. 

Based on these data, the decision was made to start the standby oxygen plant. The implementation was 
successfill, and the actual outcome was as predicted by the model. This generated considerable respect for 
this type of modeling. Over the years, the global simulation model and its successors have been used as tools 
to evaluate different changes in plant design, new metallurgical processes, etc. The most recent application 
came about when the decision was made to close down the two existing blast furnaces and build a bigger 
single blast furnace. The simplified global model was used to compare the effect on the energy balance of 
different alternatives, as well as to provide data for design changes in the heat and power plant. 

Pinch Analysis of Coke Oven 
Figure 7 shows the pinch diagram and the GCC diagram, that were calculated for the coke oven plant. 

The distance, where the two composite curves in Figure 7 a overlap, corresponds to the internal heat 
transfer (Qvvx) from the hot to the cold streams within the system. 

Further to the right there is an interval (QH„,,,,) where the curves do not overlap. This distance 
corresponds to the demand 
for external heating. 	 Qwc glimin 

The mathematical 200 
analysis also showed an 
interval 	where 	no 
overlapping occurred on 
the left hand side. 150 
However, it was very short z 
and therefore not visible in  P.  
Figure 7 a. That distance 
(0c„„„) corresponded to 
the demand for external 
cooling. 

The 	theoretical 
demand for heating 
(Qumin) was approximately 
41  MW,  but the actual 
consumption of heat was 
nearly 41  MW  higher. The 
demand for additional heat 
could be explained by the 
following pinch rule violations: 

• External cooling of coke above the pinch (20.9  MW)  
• External cooling of raw gas above the pinch (10.7  MW)  
• External cooling of exhaust gas above the pinch (9.1  MW)  
• External heating of the combustion air below the pinch 
• Heat transferred through the pinch (exhaust gas above the pinch and coal below) 

Some theoretically possible modifications were suggested. However, none of them was economically 
feasible in this case. 

Mathematical Programming 
The preliminary study with mathematical programming of the SSAB example showed that it is 

possible to use this type of representation of a system in the steel industry. The model can be used to 
evaluate and optimize the production rate, minimize the flared gas or investigate the effects on reduction of 
iron production. It is also a possible to optimize the system with respect to other objective functions, for 
instance minimization of environmental impact or minimization of energy. 

Qein  

aci 100 
E 

50 	100 
Enthalpy  [MW]  

a) CC, composite curve 

Hot strea41—> 

Cold tream 

10 20 30 40 
Enthalpy  [MW] 

b)  GCC, Grand composite curve 

-r- 

Figure 7 Pinch analysis of the coke oven system 
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Exergy Analysis 
Exergy balances for SSAB  Tunnplåt  AB in  

Luleå  were carried out both for the individual units 
and globally. 

Figure 8 a shows the exergy content that was 
calculated for some circulating media and energy 
carriers. There is a big difference between the 
media. Electric power is practically 100% exergy. 
For cooling water only 3% of the energy is exergy, 
i.e., less than 3% can theoretically be recovered as 
work 

Figure 8  b  shows the global exergy balance 
for SSAB  Tunnplåt  AB at that time.  lt  can be seen 
that roughly 63% of the incoming energy is 
recovered as exergy in the exported products. 27% 
is destroyed and cannot be recovered as work, even 
by means of a perfect recovery. 10% is losses, e.g., 
the exergy part of the energy in waste flows, such 
as cooling water, waste gas, etc. 

b)  Global exergy balance 

Figure 8 Exergy balances for SSAB  Tunnplåt  AB in 

DISCUSSION 	 Luleå  1989, Example of results. Based on data from 

Optimal Degree of Sophistication 	ref [10].  
The first global simulation model was a success and proved to be effective as a tool for evaluating 

different alternatives of plant design, choice of process, etc. However, there was a great disadvantage: the 
model was complicated and could be run only by the designer. The introduction of the Simplified Global 
Model increased the number of engineers, that could perform global optimizations, and it still shows 
performance to be a useful tool. That model has been a standard tool for management decisions since then. 

Generally simplicity seems to be more critical than super performance as a success factor. The 
successful use of the existing model is still dependent on a limited amount of enthusiasts. General, user-
friendly models that are not dependent on local conditions could be of great value. 

The Use of the Pinch Analysis Method 
The Pinch study shown in Figure 7 was chosen as a pedagogical example, which was possible to carry 

out in a short time with reasonable effort. The changes that could be suggested from that study were not 
economically feasible. However, the example showed, that a pinch analysis could show the potential energy 
savings of a subsystem with limited effort. The technique can be a useful tool, as a complement to 
mathematical programming, for steel plant optimization. 

Effect of Transient Variations on the Calculation Accuracy 
In reality, all parameters change with time. A perfect model must include the effect of these variations. 

On the other hand, the inclusion of transients tends to complicate both the construction and operation of the 
model by an order of magnitude. For this reason, it is important to know how much the transients influence 
the accuracy of the result. A sensitivity study was made in the global simulation model, where the same 
cases were simulated with and without use of the built-in fluctuation model: 

1. No fluctuations. Constant surplus of coke-oven gas 
2. No fluctuations. Constant lack of coke-oven gas 
3. Fluctuation model: seasonal variation + variation of four parameters between extreme values 
4. Fluctuation model: seasonal variation + normal Distribution of the amount of coke-oven gas 

The calculation was performed for three cases and a reference case. It must be noted that there was no 
calculation of dynamic  effects. The result was a weighted mean of different cases, approximately 
corresponding to the mean of a normal year. 
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The difference in cost from the 
reference case was calculated cost for all 
three cases. The result is shown in Figure 9. 
There is a big difference between results 
calculated with and without fluctuations. The 
difference between the two fluctuation 
models is of less magnitude. The result shows 
that transients can have a big influence on the 
result. 

Economic effect, MSEK 
10 	  

5 

0 

-5 

-10 

Case 1 
	

Case 2 
	

Case 3 
Future Work 
The results show that there is a need of - 	- Constant surplus 	- 	- Constant lack 

general models with a limited dependence on 	Extreme value Model—e-- Normal Distribution Model 

enthusiasts. SSAB, together with the Swedish 
Energy Council (STEM) and other process Figure 9 Effect of parameter variations on the global 

industries, takes part in a common Swedish simulation model  
development program to develop knowledge, models and techniques for process integration. A Ph.D. study 
within that program and with economic support from STEM has recently been started. The scope of that 
study is to develop knowledge and general models that can be used for an improved process integration of 
steel plant- district heating systems. The study includes the effects of both static and transient parameters. 

CONCLUSIONS 
1. Global process integration is an effective tool for supportig decisions and studies on alternative designs 

and processes. Considerable savings have been achieved at SSAB  Tunnplåt  AB. 
2. The optimal degree of sophistication remains to be found. Generally, simple handling seems to be a 

more critical success factor than ultimate performance. 
3. Four types of process integration tools have been studied: global simulation, pinch analysis, 

mathematical programming and exergy analysis. 
4. The Global Simulation method is already a tool for practical production decisions at SSAB  Tunnplåt  AB 

in  Luleå.  It is efficient, but complicated to use. 
5. The other three methods need further development. 
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ABSTRACT 
Decisions regarding investments as well as running modes in a steel plant are strongly affected by the 

complex relations between material and energy flows. Here, these are taken into account by using 
mathematical programming (MIND). The BOF converter in the integrated steel plant at SSAB is used as a 
case study. 

INTRODUCTION 

Steel manufacturing industries are usually highly integrated. However improvements in energy efficiency 
can still be made in several ways. New energy efficient technology can be installed or changes in processes 
can be made in order to improve energy recovery. Minimization of energy and raw material consumption as 
well as environmental impact such as CO2 emissions can be done by optimization of the energy use in 
different processes. Changes in one process unit convey several changes throughout the total system. This 
makes it more difficult to determine the effect a proposed change in a unit has on the total system. 

In the year 2000, the steel industry used approximately 17 % of all industry related energy use in 
Sweden'. Thus small efficiency changes for the steel industry will result in large absolute energy savings. In 
order to make a successful energy saving one must understand the interactions between different processes. 
There are several ways of taking into account the material and energy flows for this industry branch. Costa 
et al. proposed and applied successfully an exergy accounting method for evaluation of different processes 
and production routes based on exergy efficiencies2. They compared different process routes by calculating 
their exergy losses and could hereby draw conclusions on best production practice from an exergy point of 
view. Sakamoto et al. proposed a statistical process analysis model to evaluate the possibilities for reducing 
energy use by calculating and comparing the different specific energy consumption (SEC) for different 
products and process routes in the Japanese steel industry3. 

Another way to evaluate different processes and taking into account the different process relations are by 
using different kinds of total system analysis methods. Early ways of doing this was to create global 
simulation models for the whole system. Example of successful implementations of this kind of tool has 
been reported at SSAB  Tunnplåt  by Grip et al. and at former British steel (now CORUS)4'5. 

In this paper we will present and describe an optimization model for a BOF converter (Basic Oxygen 
Furnace) based on mixed integer linear programming using the tool MIND (Method for analysis of 
INDustrial energy systems) for the implementation6. The results from the developed model show a 
suggested production mode corresponding to a minimized cost taking into account both material and energy 
relations within the system. 
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METHOD 

Background 

Process integration techniques are methods, which aim to optimize and analyze the use of energy and 
material on a system level. There are basically three process integration methods; pinch analysis, exergy 
analysis and mathematical programming. In pinch analysis the aim is to find possible changes in an 
industrial system to minimize the external cooling and heating demand. Exergy analysis is based on the 
quality levels (usefulness) of energy and quantifies the losses in individual processes and systems in respect 
to this. Mathematical programming consists of different types of optimization methods. Linear programming 
(LP) composes only linear constraints and variables are of continuous type. Mixed integer linear 
programming (MILP) is the same as LP with the difference that variables are of both continuous and 
discrete type. Nonlinear programming (NLP) makes it possible to describe nonlinear functions. 

In this paper a MILP-based method is used. This method, the MIND method, was previously used for 
other industrial branches such as refineries, heat treatment processes by Nilsson and car making factory by 
Dag7' 8. Recently  Bengtsson  et al. has used MIND in combination with pinch analysis for modeling a board 
mill9. 

Description of the MIND Method 

MIND is a tool that can be used to make optimization models for an industrial energy system. The 
structure of an energy system is represented as a network of nodes and branches, schematically shown in 
Fig. 1. The branches represent energy or material flows. Material flows are marked with a thick line in Fig. 
1. A node may represent a process unit as well as a production line or a whole factory. Each process node in 
the model has its own energy demand in the form of electricity and/or heat demand (assuming that nodes 13 
and 16 in Fig. 1 are electricity supply nodes and nodes 14, 15 and 17 are steam supply nodes). These energy 
demands depend on the amount of material processed in the unit and may be described by linear or 
piecewise linear relations. Flexible time division makes it possible to describe variations in the system 
regarding the boundary conditions. Boundary conditions may be prices, taxes or limited availability for 
various resources such as fuels, electricity or raw materials. The representation of the industrial energy 
system is adjusted to the situation in each individual case. This adjustment is made to answer the questions 
in the individual case and to make the model as efficient as possible. 

The model in mathematical form can be described in general as: 

Min 	Z= f(x,y) 
	

(1) 

Subject to 	h(x,y)= 0 
	

(2) 
g(x,y)5. 0 
	

(3) 
x?„  0, ye{0,1} 
	

(4) 

Where Z is the objective function which is to be minimized. In MIND this is mostly composed of costs 
for material, energy or investments but could also include labor costs and other running costs. In Eq. 2 and 3 
h(x,y) and g(x,y) are different constraints existing in a system. In Eq. 4  "x"  can be any continuous or integer 
variable while  "y"  is any binary variable. 
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Fig. I: Schematic of a model based on MIND 

CASE STUDY 

The steel production line at SSAB  Tunnplåt  AB could be schematically described as in Fig. 2. The coke 
making department produces the coke for the blast furnace. Iron ore as pellets from the mining company  
(LKAB)  is used in the blast furnace. In the blast furnace basically ore and coke are used to produce hot 
metal. The hot metal is further processed in the primary (BOF converter) and secondary  (RH  plant and 
CAS-OB  plant) metallurgy processes in the steel department. Finally the produced liquid steel is casted in 
the continuous casters and then transported to the rolling mill in  Borlänge.  In the production line there are 
processes in which heat gain or heat loss occur due to different chemical reactions. An example of such 
processes is the one in the BOF converter. 
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Fig. 2: Schematic description of the steel production line at SSAB  Tunnplåt  

Description of Processes in the BOF Converter 

One unit in which heat gain or heat loss occurs due to different chemical reactions is the BOF converter 
(marked with a dashed square in Fig. 2). In a BOF process oxygen is used to remove carbon from the molten 
iron. The oxygen demand is met partly by oxygen gas and partly by the oxygen content in the iron ore. In 
the refining process the carbon will react with the oxygen forming carbon oxides. Other substances with 
high oxygen affinities such as silicon, manganese and phosphor will also react with the oxygen. The carbon 
oxide will rise through the bath and leave the converter while the other oxides (liquid or solid) will float on 
top and form a slag. Some slag composition has a very important ability, which is to capture harmful 
substances such as phosphor or sulfur oxides. This is only the case for slag with basicity greater than one. 
The basicity is usually defined as the ratio CaO/Si02. This ratio is achieved by addition of lime. 

The pig iron (hot metal) is charged in the converter together with slag forming additives and scrap. 
During the refining the oxygen is blown through lance or/and bottom nozzles. This gives rise to exothermic 
reactions resulting in a temperature rise, which is used to melt scrap or reduce iron ore. Steam is recovered 
from the cooling system from the processes. The off-gas produced during the oxygen blowing, the BOF gas, 
has a relatively high CO content and is also recovered. 

METHOD DEVELOPMENT AND IMPLEMENTATION 

Basic Assumptions for the Model 

The following assumptions have been made from analysis of the BOF process. 
1. The analysis was made on a black box assumption. Only inlet and outlet conditions were considered. 
2. Material balances were reduced to the compounds Fe,  C,  02  and other metals (Me) such as Si,  Mn,  

and  P.  
3. Reactions taken into account are those concerning Fe.  C,  02  and Me for the oxidation processes. 
4. Only lime was included as slag forming additive and was assumed to consist of 100% CaO. 
5. Dust was neglected. 
6. An energy loss term was introduced to correspond to the steam production and heat loss from the 

converter. 

The BOF converter model (Fig. 3) was based on simultaneous mass- and energy balance calculations 
according to one simple principle namely incoming energy equals outgoing energy and incoming mass 
equals outgoing mass. Thus all incoming energy and mass must go out from the system in one form or 
another. Our "black-box" system border includes incoming materials when they are charged into the 
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radiation, steam generation etc. 
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Fig. 3: Principle for the combined mass and heat balance 

Method Development 

Previously it has not been possible to use MIND to make an optimization model for steel industry so that 
the effect of the chemical reactions on energy usage (which take place in many parts of such a system) can 
be taken into account. No notice has previously been made on heat gain or loss due to the chemical reactions 
that may take place in a process unit. MIND has been developed with regard to this. Here we focus on the 
BOF converter as it is an important part of any integrated steel making production line and a good example 
for illustrating the development work. As another part of the development of MIND, the possibility of 
defining a relation between two different flows in a model can be mentioned. The fact that the chemical 
reactions are due to the substances in the incoming material flows to the BOF converter, has been used to be 
able to create the required equation that describes the energy balance. The energy balance equation 
comprises heat amounts within the incoming and outgoing flows and also heat gain or loss due to the 
chemical reactions during a process. As the first step in modeling a BOF converter, consideration has only 
been made to coal and iron as the substances in the material flows. 

Material Balance Equations 

The material balance was divided into two main equations. First a total mass balance, incoming mass 
equals out-going mass (Eq. 5). Secondly sub mass balances for different compounds which in this case were 
Fe and  C  (Eq. 6 and 7). Both types of balances had to be fulfilled for a good representation of the process. 

Mhot metal ± More 4-  Moxygen Muir Mscrap Mlime Mraw steel — Mslag MBOFgas 0 
	

(5) 

rlhot metal,  c  • Mhot metal + nscrap,  c  • Mscrap nraw steel,  c  • Mraw steel — nB0Fgas,  c  • MBOFgas = 0 
	

(6) 
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nhot metal,  fe  • Mhot metal + nscrap,  fe  • Mscrap + pore,  fe  • More nraw steel,  fe  • Mraw steel — nslag,  fe  • Mslag = 0 
	

(7) 

In which hit" in each term is the ratio between the amount of the mentioned substance to the total amount 
of the specified material flow, "M" is the total amount of a material flow. 

Energy Balance Equation 

As previously pointed out, the energy balance equation comprises heat amounts in the flows entering and 
leaving the BOF converter and also heat gain or loss due to the chemical reactions during a process cycle. 
So in this case the equation becomes: 

Mraw iron • hraw iron + More •  hore  • + Moxygen • hoxygen+ Mair • hair + Mscrap • hscrap+ Mlime • hlime Mraw steel • hraw steel - 

Mslag • hslag MBOFgas • hB0Fgas + Mother substances • gother substances + Miron • (Iron + Mcoal • Clcoal = 0 	 (8) 

In which  "q"  is the amount of energy per mass flow unit for a material flow,  "h"  is the equivalent 
enthalpy per mass flow unit for a material flow and each term in the equation gives the energy amount in a 
flow. In brief the equation tells us that redundant supply or use of energy due to the entering or leaving 
flows is avoided during the process in the BOF converter. In other words the process is taking place 
optimally. 

The model for the BOF converter is shown in Fig. 4. There are not any energy supply nodes or energy flows 
(c.f. Fig. 1). All the flows in the model have been considered as material flows. As Fig. 4 shows air, oxygen, 
ore, iron, steel scrap and lime have been considered as raw materials while raw steel is the main product 
(production demand node in Fig. 1) and slag and BOF-gas are the by-products. There are different incoming 
materials such as hot metal, lime and steel scrap, and also outgoing material flows such as raw steel and slag 
containing Fe and/or  C.  These flows are used in the total mass balance equation and sub mass balance 
equation (Eq. 5 and 6) that must be taken into account when modeling a BOF converter. The material flows, 
which are used in the energy balance equation in the BOF converter, are marked with a thick line in Fig. 4. 
The internal incoming or outgoing energy flows are those from node 11 to node 22, from node 12 to node 29 
and from node 20 to node 25 (Eq. 8). These have been used to be able to take heat gain or heat loss because 
of chemical reactions in the BOF converter into consideration. Note that in the model, all of the other 
substances have been regarded as one (node 20). Obviously this has been made in order to being able to 
model the effect of other substances on different processes in the BOF-converter. However, it must be 
pointed out here that as it (other substances) is not a substance, it must not be regarded as such. 
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Fig. 4: Model for the BOF converter 

Data for the Model 

Average temperatures and compositions of the Fe,  C  and Me contents were determined from actual 
material composition and process data for hot metal, scrap, steel, slag and BOF gas. Oxygen and air was 
assumed to consist of 100 % 02 respectively 21% 02, 79% N2. The weight proportion of each compound 
was then used as constants in the different sub-balances. 

The chemical energy was determined as the energy released when compounds in streams are reduced or 
oxidized from/to its stable oxide (e.g. iron ore or fuels). The reduction energy for iron ore (Fe203) was 
calculated as the amount of energy needed in order to reduce Fe203 into liquid iron. The oxidation energy 
was calculated as energy released when a compound was oxidized to an oxide. It is assumed that carbon is 
oxidized to CO, CO2  and the other metal content to Me0x. 

Excess oxygen in the system from either charged oxygen in gas, iron ore or from leakage of oxygen was 
assumed to increase the post-combustion of carbon monoxide to carbon dioxide in the hood. Through 
analysis of the BOF gas composition during the refining period the CO2  to CO fraction in the produced gas 
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could be determined. This was used to determine the post-combustion degree, which affects the energy 
balance. The air leakage was determined from mass and energy balance calculations of the converter on 
actual process data. An estimate of the oxidation energy for the MeOx was made from analysis of the slag 
composition and incoming material. The oxidation energy consisted of the different compounds identified 
from the slag composition (e.g. Si02, MnO, P205  and FeO). These reduction and oxidation energies were 
used to define chemical enthalpies for different streams. 

Special equations are used in order to calibrate the model to the existing process equipment. To do this we 
used values on desired slag basicity defined as the weight ratio between CaO and Si02  and values on the 
post combustion in the BOF hood described by the weight ratio between CO and total carbon oxides (CO + 
CO2). These ratios resulted in lime demand and oxygen demand. 

We used tabulated data from standard thermodynamic tables to estimate formation enthalpies, physical 
enthalpies and dissolving enthalpies10 . 

RESULTS 

As a reference case for the calculations, real data for the BOF converter was used. Three cases have then 
been investigated: 

1- Case 1, with no limitation on incoming or outgoing flows. 
2- Case 2, the amount of iron is the same as in the real system. 
3- Case 3, the amount of iron and steel scrap are the same as in the real system. 

Case 1 is the optimal solution to the model. That is, if the BOF converter should be run optimally the 
amount of each incoming material must be the same as those for case 1 in Table I. The reason for choosing 
the second case was that in practice the unit before the BOF converter in the production line determines the 
amount of iron. So it is interesting to know what the optimal situation is in this case. When two (or more) 
incoming material flows in the model are equal to the real ones, it gives the possibility to examine to what 
extent the result of the model changes comparing to the case 1. Also it gives the possibility to find out what 
to do to improve the model (see the Discussion section). The data from the real system and the results from 
the three cases are shown in the Table I. 

Table I The amount of different flows (ton/charge) for the BOF converter for three cases 
Type of flow Reference case 

(The data from the 
system) 

Case 1 
No limitation 

Case 2 
The same amount 
of iron as the real 
situation 

Case 3 
The same amount 
of iron 	and 	steel 
scrap 	as 	the 	real 
situation 

Raw steel 116.4 116.4 116.4 116.4 
Iron 106.2 94.5 106.2 106.2 
Steel scrap 16.5 29 15.2 16.5 
Lime 4.1 2.7 2.6 2.6 
Oxygen 7.5 9.3 10.1 10.1 
Slag 11 7.4 7 7.1 
BOF-gas - 14.2 15.5 15.7 
Air 3.1 3 3.2 
Ore 2 0 3.6 1.7 
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In Table I there were not any data for BOF-gas or air for the reference case. As shown in Table I, the 
production demand for all the cases is the same (the amount of raw steel). Table II shows how great the 
effect of each case on the system cost is. It is clear that there is a relatively big difference between case 1 
and the real one. The system cost here comprises material costs only. 

Table II Relative differences in system cost between the three cases and the reference casse 
Case No. 	 Case 1 

	
Case 2 
	

Case 3 
Relative difference 
	

2.3 % 
	

0.4% 	 - 0.2 % 

DISCUSSION 

Differences between Model Result and Validation Data 

The simplifications that have been made to be able to make a model for this part of a steel making 
company, means that there can be some differences between the result of the model and the data from the 
real system. If we compare case 3 and the reference case, differences can be seen though they ought not to 
be. Since we have forced the model to calculate the process with given amounts of hot metal, scrap and steel 
production, there should not be large differences for slag, oxygen and lime amounts. However, if we analyze 
our model assumptions we can explain these differences. 

Control calculation of the BOF converter shows that the total charged Fe and Fe in steel and slag is not 
the same. This implies that we have Fe losses, which we have not taken into account in the model. We have 
for instance neglected the effect of dusts. 

The difference in slag amount is due to several reasons. The analysis of ingoing material is uncertain. 
Calculation of different oxide amounts in the slag is strongly affected by the material analysis. A change in 
analysis gives a change in amounts and composition, which will affect both the produced amount of slag and 
required oxygen. From a measured slag composition we made estimations of CaO, FeO and Me0 (as rest 
oxides in the slag, e.g. Si02, MnO, P205  , FeO etc.). In the model we assumed that lime was 100 % CaO, no 
consideration were taken to the amount of Me0 charged with the different limes. We also assumed 100 % 
CaO exchange in the process, more realistic is to assume 80 — 90 % due to the dissolved CaO. If we correct 
for calculated lime mixture consisting of CaO and Me0 and a more realistic exchange the lime amount 
would increase affecting the slag amount produced. The difference in oxygen need can also be explained. 
The Me0 in the slag analysis contains both charged Me0 and Me0 from the reaction Me + 0 --> Me0. The 
Me0 from charged material will also affect the FeO amount. This will also result in a higher slag amount. 

In determination of the oxygen need for this reaction, the charged Me0 was neglected. This has resulted 
in an over estimation of the oxygen need for this reaction. The air leakage is also influencing the oxygen 
need. From analysis of the BOF gas we estimated the amount of air leakage, small changes of the leakage 
make big differences on the oxygen need. This is probably the biggest error source for the oxygen need. 

All in all, if we correct the calculated lime composition for the above-discussed error and a more realistic 
CaO exchange the lime and slag amount would increase and the oxygen need decrease. If we include other 
Fe losses the ore consumption would be higher. Furthermore the oxygen need can be explained mostly by 
the air leakage. 

Model Development 

Regarding the explanation given in the above, however, it is clear that the optimization model made for 
the BOF converter describes the modeled process well considering the effect of lack of enough accurate data 
for the model. There is no doubt that the description of the unit can be improved by taking more factors into 
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account. In other words mathematical representation of the system by using MIND gives a reliable model 
for the process. The development of MIND has made it possible to create energy balance equations in a 
general way. Thus it is now possible to make models for any steel making production line. This also means 
that MIND may easily be used for modeling systems in other branches when considerations must be taken 
into energy balance besides material balance. The model presented in this paper can also be easily used to 
investigate the effect of different raw material costs on the system cost for a BOF converter. 

FURTHER WORK 

As previously mentioned, in the model presented in this paper Fe and  C  have been considered as the 
substances in the incoming and outgoing flows. However, it is obvious that if all the substances were taken 
into account, the results would be much better. This can be done knowing the fact that all of the substances 
can be modeled now. The model presented in this paper will be included in a larger model for the whole 
SSAB  Tunnplåt  system, which will render large possibilities making global system analysis. It will be 
possible to minimize the system cost for the whole plant, based on a defined object function. By changing 
the objective function it will be possible to use the model to minimize any variable making this a very 
flexible and useful method. Our goal is to develop a total optimization model for an integrated steel plant in 
order to more accurately measure and investigate the net effect of energy improvements. An integrated 
optimization model that takes into account peripheral effects can more easily be used to investigate other 
proposed changes on the system such as CO2  taxes and changes in energy prices. This type of model is 
likely to yield both economic and environmental benefits for the steel industry in the future when evaluating 
different scenarios. 
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Reduction of the specific energy use in an integrated steel plant 
- the effect of an optimisation model  
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Analysing the potential for improving the specific energy use in a steel mill can be difficult due 
to the interactions between the different subsystems. Changes in one unit can lead to several 
changes throughout the system. A process integration model taking into account the different 
interactions within the system is presented. The model is based on an optimising routine, making it 
a total analysis method for the steel plant system including the surroundings. The model is used to 
analyse the different possibilities for energy savings and practice changes within the system. The 
effect of optimising the total system versus separate optimisation of the different sub-processes is 
illustrated. The method development can serve as a benchmark for different steelmaking 
operations and constitute a basis for the continuous work involved in energy, material or economic 
analyses for the steel production system. 

KEY WORDS: Iron & Steel making, process modelling, energy use, CO2  emission, process 
integration 

1. Introduction 
Steel is produced today using two distinct steelmaking routes: the integrated route (BF/BOF 

route) using iron ore as the main iron source and the electro steel plant (EAF route) using scrap as 
the main iron carrier. According to IISI1  the total world steel production in 2001 was 845 Mt. The 
hot metal production from the blast furnace (BF) was 576 Mt. The oxygen processes, e.g. the 
BF/BOF route, account for nearly 57.7% and the electric arc furnace (EAF) for 35% of the total 
world steel production. The rest, 7.7%, was produced in other processes. The total steel production 
in Sweden was 5.5 Mt and the BF/BOF share of this was 66.1%. The production from the 
integrated route has a high share of both the world and the Swedish steel market. The energy use 
for the integrated steelworks is reported to be in the range of 15.3  GJ  — 20.6 GJ/t of liquid steel 
(tLS) or 17.6-22.8 GJ/t of coil product, including both ore preparation and coke making*. The main 
energy use is associated with coke consumption for the blast furnace. The variations in energy use 
for the hot strip mill are not as large. Heat recovery and the use of process waste gases, as well as 
the energy efficiency factors for different processes, affect these figures. 

In order to minimize the CO2  emission from the integrated steel plant, a natural step is to 
minimize the energy use and material consumption. This can be achieved by improving the 
performance of each individual process or by looking at the whole system. An analysis of the total 
system is to be preferred, because the processes in an integrated steel plant are connected through 
both primary and secondary products within the system. Changes in one sub-process can and will 
affect the total system. 

Several ways have been proposed to analyse and improve the energy efficiency of the integrated 
steel plant. Mathematical modelling of processes has been practice within several steel plants2-3. 

* Information received from IISI by a member company, SSAB  Tunnplåt  AB 



Different total analysis methods have also been presented. Gielen and Moriguchi4  presented a 
linear model for analysing the global potential for CO2  reduction in the Japanese steel industry. 
There are several recent publications analysing the energy efficiency, exergy efficiency and 
benchmarking of the steel industry processes, e.g. Worrel et a15; Costa et al6; Andersen and 
Hyman7. However, in order to make energy savings and CO2  emission reductions at a specific 
plant, a total analysis method for the plant system in question is needed.  Birat  et al8  have studied 
the CO, emission from the production of liquid steel from both the EAF and the BF/BOF route 
including some new process steps for producing hot metal. They have analysed the total system by 
calculating the total material consumption and energy use (including electricity) and the 
corresponding CO2  emission resulting from the different production practices by using a total 
modelling approach. By comparing the different production routes, it was possible to analyse the 
effect of different practices. 

When analysing the steelmaking system, several differences between the processes can be seen. 
This brings out the importance of a sufficiently accurate representation of different parts of the 
system in order to achieve the purpose of the study. Traditionally there are several ways of 
modelling processes. Mathematical models of different structures can be used, ranging from 
simple 1-D simulation models to more complex CFD models. These models are reaching a higher 
and higher level of sophistication, which is usually achieved at the expense of model transparency. 
This can lead to a model almost as complicated as the real process. There clearly must be a trade-
off between complexity and accuracy. Heidari et al9  presented a process integration method, an 
optimising analysis model, for a BOF converter based on a mass and energy balance. The objective 
of the present authors is to propose a method that can be used to analyse the potential for reduction 
of the energy use and the related CO2  emission through the use of process integration. In our 
research a total analysis model based on an optimisation routine for an integrated steel plant has 
been created. This makes it possible to find the total system optimum based on the objective in 
question within specified bounds. The model is applied to analyse the specific energy use for the 
steel production system at an integrated steel plant. 

2. Description of the system at SSAB  Tunnplåt  
The integrated steel plant system analysed consists of one coke oven plant, one blast furnace 

with hot blast stoves, two BOF converters, secondary metallurgy processes (a CAS-OB  and  RH  
vacuum degassing unit) and two slab casting machines, see Fig. 1 . Since the blast furnace is 
operated 100% with pellets, no sinter plant is needed. The processes are connected through the 
primary products from each of these primary processes, e.g. coke, hot metal and liquid steel, and 
through secondary products such as process gases and recycled materials, such as BOF slag or 
internal steel scrap. The final products from this system are first-rate steel slabs from the two slab 
casting machines. 
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Fig. 1 Schematic process description and system boundaries for the steel plant 

Traditionally the process gases are used as fuel internally for the pusher ovens in the rolling mill, 
etc. In the studied system the rolling mills located at another geographical part of the company. 
Consequently, a surplus of energy-rich process gases arises within the system. The major energy 
flows in the energy system are illustrated in Fig.2. Three types of process gases are recovered: 
coke oven gas, blast furnace gas (BF gas) and converter gas (BOF gas). The heat value and volume 
of the different gases vary. The BF gas has the lowest heat value, approximately 3 MJ/nm3, but is 
available in large amounts. The heat value for the BOF gas is approximately 7 MJ/nm3. The coke 
oven gas has the highest heat value, 18 MJ/nm3  but is generated in smaller quantities than the 
others. 

The process gases are used as internal fuel within the plant. The coke oven plant is under-fired 
with pure coke oven gas. The hot stoves are fired with a mixture of BF gas and coke oven gas 
adjusted to a desired blast temperature. Coke oven gas is also used as a fuel for various burners 
within the steel plant and as the primary fuel for the lime kiln. The excess of the coke oven gas and 
the recovered BF gas and BOF gas is mixed in a gas holding bell. The mixture of the gases is used 
as the primary fuel in the combined heat and power plant (CHP). Oil is used as a backup fuel if the 
heat value comes close to the lower limit and as an additional fuel if the heat input from 
combustion of the gaseous fuel is insufficient. The CHP produces heat and electricity. The heat 
generation meets the demand from the district heating network of the city of  Luleå  during most of 
the year. The electricity production covers the needs of the steel plant and some electricity is sold 
to the national electricity grid. 

Coke oven gas 

Fig. 2 Schematic description of the energy network at the steel plant 
Source:  Carl-Erik  Grip SSAB  Tunnplåt  AB 
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3. Development of an optimisation model for the SSAB  Tunnplåt  steel plant 

3.1. Overview 

The steel production chain can be described simply as a series of connected metallurgical 
reactors (e.g. a coke oven plant, BF, BOF converter, etc.), supporting systems and by-product 
processing systems. In order to analyse a large industrial energy system, structured methods are 
needed. These methods can be termed as process integration (PI) methods. The common goal for 
all PI methods is to minimize the use of energy in the system. Such methods are usually divided 
into three types: pinch analysis, exergy analysis and mathematical programming. 

In the mathematical programming method, the system is modelled with mathematical 
relationships. The different process equations are usually optimised. There are different 
optimisation methods used, ranging from linear programming (LP) to non-linear programming 
(NLP). The choice of optimisation method is based on the problem in question. The total 
optimisation model for the steel plant is based on a MILP (mixed integer linear programming) 
routine and an optimisation solvert. The MILP routine makes it possible to describe and 
approximate non-linearities, discrete linear relations and constraints, thereby improving the 
representation of the system. 

The analysis basically includes the four steps shown in Fig.3. The information flow is indicated 
as arrows in the figure. In the first step the important processes are identified. In order to describe 
the system mathematically the real problem must be delimited, important processes identified and 
reasonable boundaries and simplifications introduced. In the second step of the analysis the 
optimisation model is created from a set of equations based on the simplified, delimited problem 
identified in the first step. In the third step the appropriate optimisation routine is applied, in our 
case a MILP optimisation routine. Finally in the fourth step the result is analysed and the model is 
validated. The validation includes both the verification of the solution from the model and the 
verification that the model created describes the problem adequately. 

Fig. 3 Methodology for mathematical programming, the creation of an optimisation model 

The different processes have been modelled separately and connected together by each primary 
product and any possible by-product interactions. The model sophistication varies between simple 
linear process models, empirically derived process relations based on engineering practice, and 
models based on mass and energy balances for the different processes. The driving force for the 
model is the production of the final product from the system (first-rate steel slabs). Each sub-
process, identified in Fig.3, is linked to the next processing step by the primary product from each 
process (coke,  HM,  LS, etc.). Hence, the steel demand from the slab-casting units will determine 
the production rate in the BOF, which in turn will determine the hot metal rate for the BF and so 

tILOG CPLEX 7.1 has been used as an optimization solver. 
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forth. The external material use is based on the process requirements of each sub-process. The use 
and excess of by-products are also determined from each sub-process model. The problem is 
broken down into identified sub-processes, with delimitations and simplifications identified from 
the prior analysis in Fig. 1 . The arrows indicate the main product flow within the model. The 
efficiencies and specific process-related data used are based on actual production data from either 
the steel plant of SSAB  Tunnplåt  AB or the CHP run by Lulekraft AB. 

3.2. 	Model description for the main processes 

3.2.1. The coke oven model 
The coke oven model meets the coke requirements from the BF model. The core of the model is 

an empirical model for the coal-to-coke conversion factor, used internally within the SSAB coke 
oven department. The conversion factor is based on the dry coal properties, e.g. the volatile matter 
and the ash content. The model also includes a gas conversion factor derived in a similar way. The 
energy use within the system, e.g. the coke oven gas for the under-firing, is based on mass and 
energy balances. In addition, the model includes the specific electricity demand for the fans and 
the coal preparation and the specific steam demand for the gas-cleaning plant. The outputs from 
the model are coke divided into density classes 10-20 and <20 and coke breeze. By-products from 
the gas-cleaning system, e.g. tar, sulphur and benzene, as well as coke oven gas, are also included. 
In the model the volatile matter is assumed to have the same composition. The heat value will 
therefore be constant, but the produced gas volume flow will vary depending on the volatile 
content in the coal mix. 

3.2.2. The blast furnace model 
The raw materials for the BF are normally top-charged, except for pulverised coal (PC), which is 

injected through the tuyeres together with the hot blast. Coke and coal are combusted when the 
oxygen-enriched hot blast is blown into the BF. The combustion products form a hot reduction gas, 
which passes up through the blast furnace, while the burden materials are reduced and melted in 
their passage down the furnace. Due to the many chemical reactions taking place in the BF, the 
behaviour is complex to describe mathematically. For off-line simulations SSAB  Tunnplåt  AB 
employs an in-house model using a spreadsheet environment (MS Excel). In which the chemical 
and thermal reactions in the furnace are divided into the different sections: the zones above and 
below the reserve zone and the reserve zone. 

In order to formulate the blast furnace model in a format suitable for MILP description, a model 
has been created partly on the basis of linear regression, which has been used for different 
important parameters, e.g. the reduction rate, the BF gas, the raceway flame temperature, the hot 
blast, etc. The regression database has been created using the more sophisticated blast furnace 
model used at SSAB  Tunnplåt  AB. The database includes a number of predetermined cases. These 
cases have been chosen roughly to cover the "map" needed for the present investigation. The 
model then calculates the material and energy flows for the situation in question. The mass 
balances for ingoing materials and outgoing products determine the slag amount and composition 
and the amount of fluxes. The developed model is valid for a predetermined hot metal 
composition (Fe 94.4%,  C  4.7%, Si 0.4%, the other elements being  Mn,  S, V), slag basicity 
(defined as the ratio CaO/Si02  = 0.98) and raceway flame temperature. The model also includes a 
specific electricity demand for the blast furnace and the surrounding equipment. 

The hot stoves, used for production of the hot blast for the BF, are modelled on the basis of heat 
and mass balances. The primary fuels for the stoves are a mixture of BF gas and coke oven gas. 
The mixture's heat value corresponds to a hot blast temperature. The electricity demand for the 
blower is included. 

t An in-house model used for off-line simulations within SSAB  Tunnplåt,  further described by Grip et al [2]. 
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3.2.3. The basic oxygen process model 
The BOF model is based on heat and mass balances. The different iron carriers, e.g. hot metal, 

scrap and pellets, are limited by the heat balance and the contamination (tramp elements) in the 
scrap. A hot metal exchange, rtHm = 0.98, between the HEM coming out of the BF and the  HM  
entering the BOF is introduced. Hot metal casted on the ground, due to disturbances between the 
BF and BOF, is included as cold  HM  (e.g. scrap with an  HM  composition) corrected for additional 
impurities. 

The different flux additives, e.g. lime and dolomite, are calculated on the basis of the ratio 
CaO/Si02  = 4' in the slag. This is the slag basicity practice used for the present mix of raw 
materials. The oxygen demand is calculated on the basis of the total carbon content oxidised and 
the metals oxidised in the slag. The infiltrate air is based on the post-combustion in the BOF hood. 
The post-combustion ratio, CR, defined as the ratio between the CO2  and the sum of the CO2  and 
CO in the BOF gas, is set as a constant (not depending on the steel type) to 0.3'. The temperatures 
in the heat balance are set in advance, on the basis of actual measurements at the steel plant. An 
energy loss term is introduced in the heat balance to simulate the steam recovery from the recovery 
boiler in the BOF hood. The model also includes a specific electricity demand from the BOF and 
the surrounding equipment. 

3.2.4. The casting model 
For the slab casting model, a liquid steel exchange efficiency, riLs = 0.95', between the liquid 

steel and the cast product is introduced. There are two different kinds of losses: recovered and un-
recovered losses. It is possible to re-circulate the recovered losses into the BOF melt shop, e.g. iron 
losses due to heavy boiling in the BOF, start-up losses in the slab caster, losses due to tundish 
change and losses associated with changes in the quality grade. Examples of un-recovered losses 
are dusts, iron losses in ladles and unexplained weight losses due to measurement uncertainties. 
The electricity demand is included as a normalised electricity consumption per t of cast steel. 

3.2.5. The surrounding system model (the power plant) 
The off-gases from the steel plant are used as the primary fuel in the CHP. If the energy content 

in the mixed gas is not sufficient or if the heat value is too low, below 2.9 M.Fnm3, oil is used as a 
backup or supplementary fuel. The power plant has two modes of operation, the pure back-
pressure mode or the partly condensing mode. In the 100% back-pressure mode of operation, the 
district heating demand of the city of  Luleå  is used as a heat sink. For this operation mode, the 
alpha (a) value, defined as the ratio between the power and the heat generation, is set to 0.44**. In 
the completely condensing mode of operation, all the heat is cooled by an external cooling circuit. 
The steam is expanded further in an extra turbine stage in the steam turbine. This results in extra 
power generation. The energy efficiency for the electricity generation is set to 0.32. 

In practice both the a-value and the electric energy efficiency will vary depending on the cooling 
possibilities, e.g. seasonal temperature variations within the district heating system and the external 
cooling circuit. In reality the operation mode is a mix between the back-pressure and the 
condensing operation mode depending on the district heating demand and the fuel availability. 

3.2.6. The objective function 
The model was developed to optimise the energy use for the production at the steel plant. The 

model is described mathematically as a minimization problem generally defined according to: 

min z =  E  cz  

(1) 

Information from  SSAB Tunnplåt  AB  
—  Information from  Lulekraft  AB 
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x  ER,y 0,0} 

where z is the objective function for the minimization problem. The objective function is defined 
by the variables, xi, of interest for the problem task and the relating energy contents,  c,.  It is based 
on both direct and indirect energy use. Direct energy use is actual energy use within the boundary 
system. Indirect energy use is up-stream and down-stream energy use outside the system boundary. 
The up-stream energy is related to the material preparation, for instance pelletizing and production 
of external coke. The down-stream energy is related to outgoing products, such as power generated 
in the CHP outside the system boundary. In the objective function, the direct energy use and the 
up-stream energy use form debit entries, while the down-stream energy is a credit entry. The 
energy contents for the different flows are based on the heat values, the up-stream energy loads 
and the down-stream energy in recovered process flows. Energy related to transport is neglected. 
The variables are defined and solved from the problem matrix of equations, which is based on the 
different process relations describing the different processes, for instance the coal-to-coke 
conversion factor for the coke oven plant, the iron balance in the BOF converter, the regression 
models for the blast furnace etc., already described in Sections 3.2.1-3.2.5. 

The energy contents are expressed in standard  SI  units (i.e. GJ/t for material flows, GJ/knm3 for 
gaseous flows and GJ/MWh for energy flows). The different energy coefficients for the different 
entries in the objective function are listed in Table 1. 

Table 1 Coefficients for the energy objective function  

C, 	 Unit  
Debit entries 

Coal for coke making 
It/hl 

27.0 -30.4 
depending on the 	GJ/t 

coal 

External Coke lt/h] 	45.6 	 GJ/t 

PCI coal  [lik] 	 31.4 	 GJ/t 

Oil [el 	 46.2 	 GJ/t 

Power usett [MWh/h] 	3.6 	 GJ/MWh 

Pelletstt/DRI/1-1131§9g 
0.33/9.64 	 GJ/t [I/hi 

Steam [t/h] 	 3.1 	 GJ/t 

02 [knrn,lh] 	 7.7 	 GJ/knm,  

Credit entries 

Power generation 
-3.6 	 GJ/MWh  

[MWh]  

Heat  [MWh] 	 -3.6 	 GJ/MWh 

3.2.7. Limitation 
The models are evaluated for hourly production. Each process model describes the material 

consumption and the use of energy related to the production. The energy and material demands 
depend on the amount of products being processed in the different units and are described by linear  

tt  Electricity use included for coke making, the blast furnace, the  HOF  and casting 
It The pellets used are based on magnetite ore, resulting in a lower energy consumption for the pelletizing process 

due to the exothermic oxidization reaction Fe304 	Fe203. 
§§ DRI/HBI = direct reduced iron/hot briquetted iron. DRI in the text from now on refers to pre-reduced iron ore in 

the form of DRI or HBI. 
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or piecewise linear relationships. The limitations introduced are used to govern the processes so 
that the results are reasonable and may be identified in the current system. The boundary 
conditions can be used to describe variations in the system according to: 

xy  

(3) 

where b1  describes the boundary for the lth  variable  x  during the time step  j.  The xij variables are 
the corresponding flow variables for coke production,  HM  production, etc. and the boundaries, IN, 
are the corresponding restrictions. For instance, the maximum production levels from the coke 
ovens, BF and BOF are set as flow restrictions according to the current concession limits for each 
unit respectively. The bounds introduced in the model are shown in Table 2. 

Table 2 Bounds introduced for steel plant model 

Flow 
	

Bound,  b, 	 Comments 

Process-related 
Coke production 	< 80 t/h 	 18  h  coking cycle 

Hot metal 
< 265  Uh 	 Concession limit 

production 
Liquid steel 

< 285  Uh 	 Concession limit 
production 

Thermal limitation for steam 
Power plant 	<320  MW  

boiler 
Specific 

Coal mix 	Ash = 7.6% 	Limitation for different coal 
composition 	22< %  vol.  <28 	blends for coke production 

Limitation for back-pressure 
Heat production 	< 180  MW  01 

production 
Mass flow limitations at the 

CHP fuel Oil  [Uh] 	1.25< oil < 27 
CHP for oil bumers 

3.3. Alternative process configurations 

Two main groups of changes have been studied: practice changes within the current production 
system and the installation of new process equipment. The main options are listed in Table 3. 

Table 3 Process variations and equipment changes included in the model 

Coke Plant 
	

Blast furnace 	 BOF 

Practice change 

All coke practice 

Pulverized coal 	 Variable metallic 
injection (PCI) 	 charge 

Variable coal blend 

Variable Fe burden: 	 Decreased pellets 
Production rate 
	

Pellets — DRI/HBI 	 cooling 

BOF slag & dust recovery 	 Production rate 

Production rate 

New process equipment 

Increased scrap rate 
Hot stove exhaust gas recovery 

	
through: 

- scrap preheating  
General 

Decreased energy 
demand for  under- 

firing  

Decreased disturbances BF/BOF route 

Increased  HM  efficiency 

Increased LS 
efficiency 
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4. Results/discussion 

4.1. Model study 
Ten cases and one reference case have been used to evaluate the system. For the reference case, 

the model has been set to simulate the material and energy use according to the production in 
2001. The reference case is used as a base for comparison. Table 4 shows a list of the cases with a 
brief description. 

Table 4 Cases that have been evaluated 

Case 	 Description 
(Optimisation, simulation) 

Reference According to the production figures for 2001 

1 	Optimisation of the coal mix and production rate at the coke oven 

2 	Optimisation of the current BF burden (pellets, BOF slag, re-circulated min, coke, PCI) 

3 	Optimisation of the metallic charge in the BOF (MH, scrap (internal/external), pellets) 

4 	Hot stove exhaust gas recovery 

5 	Preheating of the scrap for the BOF 

6 	Optimisation of the metallic charge (pellets and DRI/HBI) in the BF, coal/coke ratio as ref. case 

7 	Optimization with free OF burden (pellets, DRI/HBI, coke, PCI, etc.) 

8 	Optimisation of the total system considering all the possibilities in the current system 

9 	Optimisation of the total system considering all the possibilities including new equipment and practices 

10 	Efficiency improvements, decreased heat loss from the coke oven battery, decreased flaring for case 10 

Possible changes within each production unit, the coke oven, BF and BOF, are evaluated one at a 
time in optimisation cases 1-3. In cases 4-5, the installation of new process equipment, hot stove 
exhaust gas recovery and scrap preheating are evaluated. In cases 6-7, DRI/HBI was introduced 
into the BF system, with a specified coke-to-PCI ratio and with free burden. In case 8, the total 
system is optimised with the current raw materials. No restrictions other than the specific process 
limitations are used. For case 9, DRI/HBI and new process equipment (heat recovery in hot stoves 
and scrap preheating) were introduced, but otherwise this case is the same as case 8. In case 10, 
(based on case 9) the effects of increased efficiency for  HM  and LS (gum and riLs increased by 
1%), decreased flaring (decreased by 50% for each gas) and a decreased heat loss from the coke 
oven battery (loss decreased by 5%) are analysed. The results of the energy calculations are 
summarized in Fig.4 and the main material consumptions are summarized in Tables 5-8. 

4.1.1. Validation of the model 
The specific production figures for the year 2001 have been used to validate the model. The main 

specific production figures are listed in Tables 5-7. The model for the reference case has been 
delimited according to the production during 2001. The agreement between the reported 
production data and the simulated data is fairly good. However, there are some differences 
between the reported data and the simulated data in the reference case. All the gas flows in the 
reported production data were corrected for the moisture content and reported as dry flows. All the 
flows calculated in the model are given as moist flows, which results in a discrepancy. The normal 
moisture content of coke oven gas is about 2.5%, that of BF gas is close to 5% and that of BOF gas 
is 12%. If the simulated gas flows are adjusted to compensate for the moisture content, the 
deviation between the measured and the calculated values is about 3%, which is a reasonably good 
agreement. Regarding the coke oven model, it can be seen that there is a small deviation 
concerning the specific coking coal demand when pre-determined volatile and ash contents are 
used. The deviation is less than 0.2%. For the BF model some small discrepancies exist concerning 
the metallic charge and the reduction rate. The deviations are —0.2% and 0.6%, respectively. For 
the BOF and steel plant model the major discrepancies are related to the gas production discussed 
earlier. 

9 



U
se

d 
in

  B
0 F+

 li
m

e  
ki

ln
  

U_ 
03 
. E  

C
ok

e  
ov

en
  g

as
  p

ro
du

ce
d 

U
se

d 
at

 c
ok

e  
ov

en
  p

la
nt

 

4.1.2. The coke oven system 
Changes in the coke oven practice to the use of a less volatile coal blend will lower the specific 

energy use. The number of external users of the coke oven gas has decreased since 2001. This has 
resulted in an excess of coke oven gas. From the results summarised in Table 5, it can be seen that 
the volatile content in the coal blend should be decreased for improvement of the specific energy 
use. The optimised system for cases 1 and 8-10 has resulted in a decreased amount of specific 
coking coal in comparison with the reference case. Since only the volatile content in the coal mix 
was allowed to change, this implies that the volatile content in the mix has decreased. (The specific 
coal consumption fell from 1288 to 1244 kg/t of coke and the volatile content from 25.7% to 22%, 
the lower limit.) This results in a slightly higher coke production but a significantly smaller gas 
production, more balanced against the gas demand. The effect of changing the coal mix to a less 
volatile content on the specific energy use is 0.25 GJ/t of slabs (1.3%). The specific CO2  emission 
decreases at the same time by 45 kg/t of slabs (2.4%). The use of external coke is reduced for all 
the cases where possible. 

Table 5 Summarised results for the coke oven plant  

Coke oven gas [knm3/h] 

ö 
To -. 	al 12  2e 	8  J.--2 Fz 	8 a z E 8 S = ..- -.E.  EL' -E. 7, .E.  0 	> a, 	. E- 	-- A> . _, - 3d - E - 

2 	,2 22  _I  ''.. (.3 	15 	°' . e 	. ir, 
‘2,.. 0)  

i:,_  x LI  

	

.20)  1 	S  ei  2 7, 	LI 
o se '-.) -2,  

V) 
2  

	

Ui 	 i;'''  

ma.  74,0 6,0 7,0 39,6 5,0 9,7 19,2 0,6 4,1 1 n..  618 1859 
25,7 73,9 5,6 9,8 39,0 4,9 8,1 19,4 0,6 6,0  na.  18,6 614 1850 
22,0 74,4 5,6 9,3 33,2 4,9 8,1 15,3 0,5 4,4  na.  18,4 599 1805 
22,0 74,4 5,6 	33,2 4,9 6,6 15,3 0,5 5,9  n.a.  15,4 551 1648 
22,0 74,4 5,6 	33,2 4,9 5,5 15,3 0,5 7,0  n.a.  14,5 505 1513 
25,7 74,4 5,6 	33,2 4,9 5,0 14,7 0,3 8,4  na.  14,1 504 1511 
57 744 , 	,3 4,9 4.7 195 186 96  na  385 621 1855 

74,4 5,6 1,0 393 4,9 7,3 19,5 0,6 7,0  na. 	5 1694 
25,7 74,4 5,6 9,3 39,3 4.9 5,0 19,5 0,5 92  na.  18,6 614 1850 

25,7 70,7 5,3 	- 37.3 4,9 6,9 18,7 0,5 6.3  na.  14,9 532 1592 

25,7 55,8 4,2 - 29,4 4,9 5,2 15,4 0,4 3,6  na.  18,5 420 1256 

Case? 	60 1288 257 598 4,2 - 29,4 4,9 4,9 194 94 39 ma. 18,4 416 1247 

'The CO, emission is based on the coal use. The PCI coal content is assumed to be 80%, the coking coal 82.2% and the coke 
89.7%. 

4.1.3. The blast furnace system 
For the BF, several possibilities for energy use reduction have been identified. In Table 6 some 

selected results are given. Changes in the PCl/coke ratio to a higher amount of PCI (case 2) will 
only reduce the energy consumption if the BF system is optimised (at 0.16 GJ/t of slabs (0.9%), 
the specific CO2  emission increases). This corresponds to the shift from the use of external coke to 
the use of PCI. It can be seen from the different cases involving changes in the BF burden that the 
coke/PCI rate for the BF is balanced against the production capacity of the coke oven plant. 

A change to a mixture of pellets/DRI/HBI in the BF burden also leads to less energy use for the 
total system. Studying the difference between case 6 and 7, it can be seen that the effects of PCI 
and DRI/HBI are balanced against the coke production, which has changed to 60 t/h 
(corresponding to a 24  h  coking cycle). 

For hot stove gas recovery (case 4), the source of energy for the firing of the hot stoves shifts to a 
greater amount of internal BF gas. The coke oven gas demand decreases from 8.1 knm3/h to 5 
lrnm3/h. The excess coke oven gas is used in the CHP for heat and power generation.  

lo 

Production for 2001 	80 
	

1290 
Reference 79 1288 

Case 1 	80 
	

1244 
Case 8 	80 
	

1244 
Case 9 	80 
	

1244 
Case 10 	80 
	

1244 
Case 2 
	

80 1288 

Case 3 
	

80 1288 

Case 4 
	

80 1283 

Case 5 
	

76 1288 

Case 6 
	

60 1288 



Table 6 Summarised results for the BF system 

Hot stoves 
[knm,/h] 

External 
BF gas use 

[knm3/h] 
Burden materials1kg1tHM] 

S.  
a a 

g o iR C.) c, 	
o  

7) = C
ok

e  
ov
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  g
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CD 

na.  

18,6 

18,5 

18,6 

18,5 

18,4 

15,4 

14,5 

14,1 

1e4 

155 

14,9 

' The CO2 emission is based on the coal use. The PCI coal content is assumed to be 80%, the coking coal 82.2% 
and the coke 89.7%. 

4.1.4. The basic oxygen furnace system 
The single most effective way of lowering the energy use in the system is to introduce more 

scrap in the metallic charge to the BOF. From Table 7 it can be seen that the scrap amount is 
almost doubled in case 3, relative to the reference case. This gives a specific energy use reduction 
of 2.9 GPI of slabs (15.5%). If scrap preheating is introduced (assuming the energy demand for the 
preheating degree***  to be 65 kWh/t with an efficiency of 80%), as in case 5, even more scrap can 
be introduced into the metallic charge, decreasing the energy use by an additional 0.9 GJ/t of slabs 
(4.7%). In both cases with an increased scrap rate in the metallic charge, the CO2  emission is 
decreased significantly (156 and 256 kg CO2/t of slabs, respectively). 

Table 7 Summarised results for the BOF system (including the slab casters)  

En' 
. - -  i  
TLI , - -  • 
7, 
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. ...o  
cn 
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. 2,  e- 
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a 5  E 	2 L 	e• -g  
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o co  

c rcT g  =Er  
‘gg,  

--a,  ci  
‘2 

L' 	12 	2  

Production for 2001 249 956 63 39 9 21,8 4,1 17,7 237 n.a. 618 1859 

Reference 248 955 62 42 9 25,7 3,8 21,8 237 18,6 614 1850 

Case 3 248 869 - 202 8 23,6 3,5 20,0 237 15,8 565 1694 

Case 5 248 816 - 254 7 22,1 3,3 18,8 237 14,9 532 1592 

Case 8 248 869 202 8 23,6 3,5 20,0 237 15,4 551 1648 

Case 9 248 816 254 7 22,1 3,3 18,8 237 14,5 505 1513 

Case 10 244 817 253 7 21,8 2,2 38,0 237 14,1 504 1511 

Gavel 248 955 62 42 9 257 38 21.8 237 	184 599 1805 
Case 2 246 955 62 42 9 251 3,8 21,8 237 	68,5 621 1855 

Case 4 248 955 62 42 9 25,7 3,8 21,8 237 	18,6 614 1850 

Case 6 248 955 62 42 9 25,7 3,8 21,8 237 	18,5 420 1256 

Case 7 248 955 62 42 9 25,7 3,8 255 237 	18,4 416 1247 

'The CO2 emission is based on the coal use. The PCI coal content is assumed to be 80%, the coking coal 
82.2% and the coke 89.7%. 

*** The preheating degree is defined as the amount of energy transferred to the scrap.  

il 

Production for 2001 252 1379 335 133  na.  n.a 9,7 97 40 215  

Reference 252 1381 - 332 132 166 0.931 8,1 103 31 236 

Case 2 252 1389 - 295 175 155 0.846  4,7 101 29 227 

Case 4 252 1381 332 132 166 0.931 5,0 112 29 228 

Case 6 252 540 0600 221 88 124 0.717 5,2 83 20 155 

Case 7 252 532 0607 221 85 118 0.711 4,9 83 20 157 

Case 8 227 1387 328 136 157 0.913 6,6 93 28 214 

Case 9 213 1304 57 349 94 156 0.958 5,5 95 25 195 

Case 10 210 1335 35 354 95 157 0.968 50 94 11 209 

Case 1 252 1381 332 132 186 0931 8/ 103 31 226 

Case 3 227 1381 - 332 /32 166 0.935 7,3 93 27 212 

Case 5 2/3 1381 - 332 132 168 9931 6,9 87 26 199 

618 1859 
614 1850 

621 1855 

614 1850 

420 1256 

416 1247 

551 1648 

505 1513 

504 1511 

599 1805 

565 1694 

532 1592 



The surrounding system 
The thermal demand from the district heating network is in all the cases assumed to be 80.8 

MWth (the annual average). It is seen in Table 8 that the gaseous fuel recovered in all the cases is 
less than the maximum amount allowed. It can be noted that the minimum specific energy used in 
the system does not correspond to the highest amount of gases recovered. The maximum energy 
recovered is found for case 2 while the minimum specific energy use are in cases 8-10 (depends on 
the system, e.g. whether it is the current system, a system provided with new materials and 
equipment, or an improved system). Hence the crediting for energy in outgoing products from the 
CHP does not necessarily affect the final decision on the steel plant operation, even if the CHP 
might recover even more energy. 

Table 8 Summarised results for the CHP system 

Fuel  [MW] 

2 	e R  
§  co . 
3  

Production for 2001 n.a n.a n.a n.a 
Reference 195,3 42,3 31,0 

Case 1 195,3 42,3 22,1 
Case 2 207,4 42,3 47,9 
Case 3 175,9 38,9 34,8 
Case 4 188,7 42,3 46,2 
Case 5 165,1 36,4 31,4 
Case 6 133,1 42,3 17,8 
Case 7 136,5 42,3 19,4 

Case 8 181,4 38,9 29,5 
Case 9 154,3 36,4 34,9 
Case 10 165,1 38,0 42,0 

i  The CO2 emission is based on the coal use. The PCI coal content is assumed to be 80%, the coking 
coal 822% and the coke 89.7%. 

The analysis results in a higher specific energy use due to the fact that credit is given for the 
produced electric power and heat, and not for the energy content in the process gases it self. 

4.1.5. General results from the analysis 
The different specific energy use calculations are summarized in Fig.4a. Fig.4b illustrates the 

effects which different measures have on the specific energy use on the basis of these calculations. 
The optimal solution for the specific energy use in the current production system (including only 

the present raw materials and equipment), case 8, involved a decrease of -17% (from 18.6 to 15.4 
GJ/t of slabs) and was found to be achieved when: 

1. the coal blend in the coke oven was changed to a low volatile mix 
2. external coke was replaced by PCI in the blast furnace 
3. the coke rate in the BF was balanced against the internal production at the coke oven 
4. the metallic charge in the BOF shop was increased (by decreasing the pellets cooling) 
5. the  HM  production was balanced against the  HM  demand from the BOF shop 

By introducing DRI, scrap preheating and sensitive heat recovery from the exhaust gas at the hot 
stoves, the specific energy use is decreased even more (to 14.5 GM of slabs). The use of DRI in 
the blast furnace will increase the productivity and the annual production even further if there is an  
HM  shortage. (This effect is not implemented in the model.) 

d.  

i `Cci  

B. 

 
n 

ci.  

20  
-g  

l' .> 
'e  
9  s  

CL  «, 

n.a n,a n.a n.a n.a ma. 618 1859 
268,7 80,8 35,6 39,7 84,4 18,6 614 1850 

259,7 80,8 35,6 37,1 78,8 18,4 599 1805 

{297,6 80,8 35,6 48,1 102,2 18,5 621 1855 
249,6 80,8 35,6 34,2 72,6 15,8 565 1694 
277,2 80,8 35,6 42,2 89,6 18,6 614 1850 
232,9 80,8 35,6 29,3 62,4 14,9 532 1592 

193,2 80,8 35,6 17,8 37,9 18,5 420 1256 

198,2 80,8 35,6 19,3 41,0 18,4 416 1247 

249,7 80,8 35,6 34,2 72,7 15,4 551 1648 

225,7 80,8 35,6 27,2 57,9 14,5 505 1513 
245,2 80,8 35,6 32,9 69,9 14,1 504 1511  

12 



General Efficiency inotovment  
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When the total system is analysed, cases 8-10, it can be seen that the different effects are acting 
simultaneously and that the analysis for the total system proposes different operation modes 
(regarding material consumption and energy use) from those proposed by the analysis of the 
different effects alone. If all the constraints are released (cases 8-9), the optimal solution is not 
composed of the individual best cases (cases 1-7). For instance, the optimal solution when the blast 
furnace is analysed alone (cases 2, 4, and 6-7) is found for case 7. The DRI/HBI use in the metallic 
charge for this case was 607 kg/tHM, while in case 9 only 57 kg DRI/HBI/tHM were used. This is 
due to the interactions between the different processes in the system and could not have been 
identified from the analysis of the blast furnace system alone. The production from each 
production unit is balanced so that the production meets the demand from the different systems, 
thereby lowering the total energy use in the system. 

  

Total Total i 

a) 	 b)  

Fig. 4 a) 	 Specific energy use for the steel plant — power plant system  
b)  Summary of energy savings for the different cases. 

The different cases involve changes in the coke and PCI rate in the blast furnace (see Table 6). 
The carbon entering the system will end up either in the main product (steel slabs) or in by-
products. Since the amount dissolved into the main product is fairly small in comparison with the 
amount entering the system, it can be assumed that all the ingoing  C  will be oxidised to CO2  in one 
way or another. This assumption leads to a conservative estimate of the CO2  emission from the 
system. The theoretical specific CO2  emissions are calculated from the optimisation results, on the 
basis of the theoretical carbon contents for the different coal sources (coking coal = 82.2%, coke = 
89.7% and PCI = 82.0%). A plot of the specific CO, emission versus the specific energy use is 
shown in Fig.5. From this plot it is seen that there is not necessarily a linear relation between the 
specific energy use and the CO2  emission. The lowest CO2  emission is reached in case 6 (a high 
DRI content in the BF burden). This is partly due to the fact that the DRI is processed outside the 
system boundary, and therefore the CO2  emission is related to the production of DRI outside the 
system boundary. If the CO2  emissions related to DRI production (570 kg CO2/t [10) and pellets 
production (59 kg CO2/t) are included, the specific CO2  emission would be —1700 kg CO2/t of 
product. This is still lower than a linear estimate based on the specific energy use. 
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Fig. 5 Relation between the specific CO2  emission and the specific energy use. Linearised trend are based on the 
reference case and case 8. 

4.2. Method development 
The method proposed for analysing the energy consumption in the integrated steel plant is based 

on a mathematical programming technique. The equations describing the system are visualised in a 
graphical model of the different production units. The model can be used to analyse either the 
different production units separately or the total system as a whole. The different approaches are 
appropriate for use in different scenarios. Different investment alternatives can be analysed in the 
model by introducing new boundaries if sub-processes in the system are going to be rebuilt. 
Furthermore, the effect of a production loss due to such a reconstruction can easily be modelled. 

The model presented has evaluated the production/energy system on the basis of the average 
hourly production. In the real system several fluctuations occur over time. Some of these are the 
result of effects from the outer system, e.g. the effects of heat demand from the district heating 
network, energy prices, taxes, etc. Other fluctuations are the effects of process instabilities and 
variations. There are for instance large fluctuations due to the different time characteristics of the 
different processes. The coke ovens can be treated as a semi-batch process where the coke oven 
plant is continuous but each oven is a batch process. A similar line of reasoning can be applied to 
the BF, where the oven is mostly continuous but the  HM  is delivered batch-wise, while the BOF 
shop is in all respects a batch process. The process dynamics can explain several fluctuations that 
occur in the energy network. Some of these effects can be taken into consideration by the use of a 
flexible time scale. 

5. Conclusions 

5.1. Method development 
A process integration model (PI model) for the integrated steel plant has been developed. It has 

been shown that: 
• The steel processes can be modelled and analysed in such a model and that it is possible to 

describe different process variants and plant practices with good agreement. 
• The different sub-processes can be optimised either separately bounded by the surrounding 

plant or as whole. 
• The different outputs from the model can be used to analyse the optimised result in respect 

of other aspects, e.g. CO2  emissions. 
• The objective function in the developed model is fairly easy to change, making it a useful 

tool for further analysis of the steelmaking system. 
• The model is a good complementary tool in that it provides new insights into the energy 

system, but results should be handled with care. 
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5.2. System analysis 
Minimizing the specific energy use is widely used as a means of characterizing and comparing 

different plants, This is also in many cases a measure of the CO2  emission from the system. The 
integrated steel plant was analysed in a PI- model in respect of the specific energy use. The 
following observations were made: 

• The specific energy use can be improved significantly by changes in operation within the 
current production system. 

• Concerning the external measures analysed, the installation of scrap preheating to increase 
the scrap rate in the BOF shop has the highest potential for decreasing the specific energy 
use. The installation of hot stove recovery has only a small potential for achieving such a 
decrease. 

• The analysis will arrive at different results for the specific energy use when analysing the 
total system and the different processes separately. 

• It is important to take into account the total system effect when making system 
improvements in order to avoid a sub-optimised system. 

• CO2  emission reduction is not necessarily proportional to the energy use reduction for the 
system. 

6. Further research 
One of the most important means of decreasing the reduction rate for the BF-BOF steelmaking 

route is to lower the ash content in the coke. This will be implemented in the BF model, as well as 
a variable hot blast temperature. 

The effect of transient variations within the system needs to be taken into consideration when 
conducting a process integration analysis of the steel plant system. 

It was identified that the use of DM in the BF not only decreased the energy use in the system, 
but also was the most efficient way by far of minimising the CO2  emission from the system. This 
was due to the fact that no CO2  for the DM production was included at the plant, but if it were to 
be included, the CO2  emission from the system using DM would still be lower than the CO2  
emission from the reference system due to the decreased reduction rate for the BF. If the DRI were 
produced with natural gas and the CO2  from the reduction were captured, there would be a zero 
emission case for the DM production. The use of such a DM will be analysed in the near future 
with respect to CO2  emissions from the integrated steel plant system. 

7. Acknowledgments 
The authors would like to thank the Swedish Energy Agency for their financial support of this 

work. We would also like to thank SSAB  Tunnplåt  and Lulekraft AB for providing the opportunity 
to perform this analysis. We would like to direct our gratitude to Dr  Carl-Erik  Grip and his co-
workers at SSAB  Tunnplåt  AB, Gunnar  Lundkvist  at Lulekraft,  Sten  Ångström  at Mefos — 
Metallurgical Research institute AB for important discussions and valuable feedback on the 
research. Also for providing comments and suggestion to an earlier version of this article. 

15 



REFERENCES 

1 	Crude Steel Production by Process, 2001, Via Internet: www.worldsteel.org, 17/09/2002 

2 	C.E. Grip, M.  Larsson,  J.  Dahl: 84th Steelmaking Conference Proceedings, Baltimore, 2001, 543. 

3 W.P. Welch, M.R. Warburton: 1st International Conference on Process Development in Iron and Steel Making, 

Vol. 1,  Luleå,  1999, Ill. 

4 	D.  Gielen,  Y.  Moriguchi: Energy Policy, 30 (2002), 849. 

5 	E.  Worrell, L. Price,  N.  Martin: Energy, 26 (2001), 513. 

6 	M.M. Costa,  R.  Schaeffer,  E.  Worrell: Energy, 26 (2001), 363. 

7 	J.P. Andersen,  B.  Hyman: Energy, 20 (2001), 137. 

8 	J.P.  Birat,  J.P. Vizioz, Y.de  Lassat  de Pressigny, M. Schneider, M. Jeanneau: Rev.  Metall.  (1999), 1203 

9 	M. Heidari, M.  Larsson,  J.  Dahl, M.  Söderström:  85th Steelmaking Conference Proceedings, Nashville, 2002, 669 

10 I. Sandoval,  R.  Kakaley: 60th Ironmaking Conference Proceedings, 2001, 621 

16 



L  NR:  2003:16 
LULEÅ 	ISSN:  1402-1757  

TEKNISKA 	 ISRN: LTU-LIC--03/16--SE  
UNIVERSITET  

Utbildning  
Licentiate thesis 

Institution 	 Upplaga 

Tillämpad fysik, maskin- och materialteknik 

Avdelning 	 Datum  
Energiteknik 	 2003-02-24 

Titel  
Analysis and Optimisation of Energy and Environmental Performance of an Integrated 
Steel Plant by Process Integration  

Författare 	 Språk 

Larsson,  Mikael 	 Engelska 

Sammanfattning  
The process industries stand for a substantial part of the energy used in Sweden. Industrial 
systems, such as an integrated steel plant, involve large interchange of energy between 
various processes and process streams. A major task for the steel industry is to minimize 
environmental impact, the consumption of energy and raw materials. A natural step is to 
improve the efficiency of the individual processes. However, since the processes within 
the steel plant system are connected to each other, energy savings in one individual unit 
does not necessarily lead to an energy saving for the total system. 

According to the Swedish National Energy Administration and Statistics, the steel 
industry used approximately 17.1 % of all industry related energy use the year 2001. Thus 
will small efficiency changes will result in large absolute energy savings. In order to 
make a successful energy saving one must understand the interactions between different 
processes. Methods are needed to optimize the consumption of energy and raw materials 
for the total system. The purpose of this thesis is to develop and implement such methods. 
The main method used in the analysis is based on mathematical optimisation. 

A steel mill in north of Sweden is used as case study, when actual processes and steel 
plant system are analysed. It is shown that the method used is appropriate for analysing 
the material and energy system in a steel plant. 

Granskare/Handledare 
Jan Dahl  

URL: http://epubl.luth.se/1402-1757/2003/16  



Universitetstryckeriet, Luleå 


	Page 1
	Page 2
	Page 3
	Page 4
	Page 5
	Page 6
	Page 7
	Page 8
	Page 9
	Page 10
	Page 11
	Page 12
	Page 13
	Page 14
	Page 15
	Page 16
	Page 17
	Page 18
	Page 19
	Page 20
	Page 21
	Page 22
	Page 23
	Page 24
	Page 25
	Page 26
	Page 27
	Page 28
	Page 29
	Page 30
	Page 31
	Page 32
	Page 33
	Page 34
	Page 35
	Page 36
	Page 37
	Page 38
	Page 39
	Page 40
	Page 41
	Page 42
	Page 43
	Page 44
	Page 45
	Page 46
	Page 47
	Page 48
	Page 49
	Page 50
	Page 51
	Page 52
	Page 53
	Page 54
	Page 55
	Page 56
	Page 57
	Page 58
	Page 59
	Page 60
	Page 61

