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Abstract 
An industrial energy system is subject to different regulations and restrictions. Good integration 
between units within the production chain as well as integration with the community can lead to 
both environmental and energy savings. Process integration is a system oriented methodology to 

analyze whole production systems to find optimal system changes. A mathematical 
programming technique is being developed for the Swedish iron ore producing facility of 

LKAB in Malmberget. The mathematical model will be based on a mass and energy balance for 
the facility specified for the different unit operations. The development of a good mathematical 

model requires a systematic mapping of the energy and material flows within an iron ore 
producing facility. In this paper a conceptual model for the process integration tool is described. 
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1. Introduction 
LKAB is an international high-tech minerals group, one of the world’s leading producers of 
upgraded iron ore products for the steel industry and a growing supplier of industrial minerals 
products to other sectors. Most of the iron ore products are sold to European steel mills. Other 
important markets are North Africa, the Middle East and Southeast Asia. Industrial minerals 
are sold mainly in Europe, but businesses are growing in Asia and the USA.  
LKAB has more than 3,700 employees, of which more than 600 outside Sweden. There are 
iron ore mines, processing plants and ore harbors in northern Sweden and Norway, sales 
office in Belgium, Germany and Singapore.  
 
LKAB is one of Sweden’s largest electricity consumers and accounts for more than 1 % of the 
country’s total electricity consumption. When the planned investments in increased 
production have been realized, by about 2009, LKAB’s electricity consumption will have 
risen to nearly 1.5% of total national consumption. 
With regard to costs, process technology and climate impact, the energy issue is strategically 
important for LKAB. In the iron ore operation, vast amounts of electricity are used, mainly in 
mine operation and mineral processing. In the next year, annual consumption of electricity 
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will have increased from about 1.7 to more than 2 terawatt hours (TWh). At the same time, 
market prices on the Nordic power exchange have risen dramatically since deregulation. 
 
In recent years, increased attention has been given by the iron ore industry to use energy more 
efficient. The iron ore industry is one of energy-intense industries, with high CO2 emissions. 
Improvement of the energy efficiency, to reduce the energy consumption, will increase the 
economic profitability as well as reducing the environmental impacts. With increasing 
concerns of climate change issues, more efforts are made by the iron ore industry to reduce its 
CO2 emissions.  
 

2. Process Integration        
A major goal for LKAB, as for the whole process industry, is to minimize the environmental 
impact and the energy consumption. LKAB in Malmberget consists of a number of different 
operation units and a way to achieve these goals is to improve the behavior of these individual 
units. However, a change in one unit will not automatically lead to an energy saving for the 
whole system. Therefore methods are needed to improve the energy consumption for the total 
system. These techniques are here defined as Process integration.   
Basically when working with process integration there are often three different methodologies 
that are being used: Pinch Analysis, Exergy Analysis and Mathematical Programming.  

2.1. Pinch Analysis: 
Pinch analysis is a methodology for minimizing energy consumption of chemical processes 
by calculating thermodynamically feasible energy targets and achieving them by optimizing 
heat recovery systems, energy supply methods and process operating conditions. The process 
data is represented as a set of energy flows, or streams, as a function of heat load against 
temperature. This data is combined for all the streams in the plant to give so called composite 
curves, one for all ‘hot streams’ (releasing heat) and one for all ‘cold streams’ (requiring 
heat). The point of closest approach between the hot and cold composite curves is the pinch 
temperature (or just pinch), and is where design is most constrained. Hence, by finding this 
point and starting design there, the energy targets can be achieved using heat exchangers to 
recover heat between hot and cold streams. In practice, during the pinch analysis, often cross-
pinch exchanges of heat are found between a stream with its temperature above the pinch and 
one below the pinch. Removals of those exchanges by alternative matching make the process 
reach its energy target 
The techniques were first developed in the late 1970’s by teams led by Bodo Linnhoff at ICI 
and UMIST (now Manchester University). Many refinements have been developed since and 
used in a wide range of industries, including non-process situations. Both detailed and 
simplified (spreadsheet) programs are now available to calculate the energy targets  

2.2. Exergy Analysis: 
Exergy is the part of the energy that according to the first and second law of thermodynamics 
can be converted into work. The processes can be analyzed with respect to the exergy losses 
and from this, different practices can be compared. Costa et al [1] presented an exergy 
study applied to analyze the effect of diverse technologies options for the different process 
routes. For instance, the use of excess energies or material flows was analyzed.  



2.3. Mathematical Programming: 
The origin of this method comes from Economic Optimization, which are constructed in such 
way that process modules can be added as modules. There are a number of different 
mathematical programming types: Linear programming (LP), mixed integer linear 
programming (MILP), non-linear programming (NLP), and mixed integer non-linear 
programming (MINLP). How the problem is formulated decides which type to use. 
Mathematical programming, also called optimization, has an important role in decision 
science and in the analysis of physical systems. In general terms, optimization theory is a 
body of mathematical results and numerical methods for finding and identifying the best 
candidate from a collection of alternative without having to explicitly enumerate and evaluate 
all possible alternatives. An optimization problem often consists of a set of independent 
variables or parameters, and also restrictions/constraints that define acceptable values of the 
variables. The essential component of an optimization problem is the objective function, 
which depends in some way on the variables. The solution to an optimization problem is a set 
of allowed values of the variables for which the objective function assumes an optimal value.  
Basically there are two different techniques used when dealing with optimization problems, 
single-objective optimization and multi-objective optimization. 

2.4. Single-objective optimization 
This is a technique where one objective at a time can be optimized. In mathematical terms, the 
objective function can be written as follows: 
 
Objective: 
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Where Z is the objective function which is to be minimized, h(x, y) and g(x, y) are different 
constraints in a system, x can be any continuous or integer variable and y is any binary 
variable.   

2.5. Multi-objective optimization 
In contrast to the single objective optimization where only one objective at a time can be 
optimized, a multi-objective optimization can optimize several objectives at the same time. 
For instance, it is useful to find out an optimum solution with a lower production cost and at 
the same time a lower CO2 emission. To be able to do that, multi-objective optimization is 
needed. A study by Greening and Bernow [3] contains a comprehensive review of multi 
decision-making methods. They conclude that the conventional analysis methods based on 
one criterion have limitations in analysis of more complex nature such as energy or 
environmental policies.  
Generally, a multi-objective optimization problem can be approached in four different ways 
depending on when the decision-maker articulates his or her preferences regarding the 
different objectives: never, before, during or after the actual optimization procedure [4]. 



There are several different optimization methods under each preferred approach. Some 
examples of methods are weighted sum, ε-constraint and goal programming. In the weighted 
sum method, the objectives have different weights depending on the chosen importance of 
each objective. For the ε-constraint method, only one objective is optimized, the other 
objectives being instead bounded through global constraints. Goal programming means that 
each objective is formulated as a certain goal that the decision-maker wants to achieve.  
 

2.6. Pareto front analysis 
In connection with the multi-objective optimization, it is possible to find Pareto-optimal 
solutions. This is a solution where no objective can be improved without another 
deteriorating. The plot of the objective functions is called Pareto front, an example of a Pareto 
front is shown in Figure 1. As for bi-objective optimization problem, Pareto front curve 
represents all the solutions from minimizing one objective with upper lever constraints 
bounded by the other objective, and vice versa. This allows the decision maker to choose an 
acceptable trade-mark between the two goals by considering the different solutions along the 
Pareto front.  
 
 

  
Figure 1. Example of a Pareto front for a minimization problem. 
 

3. Equation editor 
The equation editor that will be used in the model design is called reMIND, providing an 
intuitive graphical interface by describing the relations between sub-processes units and the 
entire process being studied. This software was initially developed by Linköping University 
(LiU). Further development was carried out in cooperation between LiU and Luleå University 
of Technology (LTU). The structure of an energy system is represented as a network of nodes 
and branches, a basic example is schematically shown in figure 2.  
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Figure 2. Schematic of a model based on reMIND. 
 
The branches represent energy or material flows. Material flows are marked with thick line in 
figure 2. A node may represent a process unit as well as a production line or a whole factory. 
Each process node has its own energy demand in the form of electricity and/or heat demand. 
These demands depends on the amount of material processed in the unit and may be described 
by linear or piecewise linear relations. It is possible to describe variations in the system with 
boundary conditions, examples of boundary conditions could be prices, taxes or limited 
availability for various resources such as fuels, electricity or raw materials. Each system is 
adjusted to the situation in each individual case. The adjustment is made to answer the 
questions in the individual case and to make the model as efficient as possible.  
 
To solve the equation created in reMIND, a software called ILOG CPLEX [2], will be used. 
The output from the CPLEX optimization is exported into a Microsoft Excel file to analyze 
the result. Figure 3 shows the flow chart of the optimization model.  
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Figure 3. Flow chart of the optimization model.  
 
       

 

4. Development of a process integration tool for the iron ore 
industry 
The idea of developing a process integration tool for the iron ore industry is based on a 
previous model designed for the steel plant SSAB Tunnplåt AB in Luleå, Larsson et al [5]. 
Several studies have been made at SSAB during the last years in the area of process 
integration, mainly using the methodology of mathematical programming [6], [7], [8]. The 
models that have been developed using process integration have proven to be a useful tool for 
SSAB; therefore there has been an interest from LKAB to develop similar models for their 
facilities. The mathematical model that will be used is based on a mass and energy balance for 
the facility specified for the different unit operations. LKAB believe that such models would 
be helpful in their work of making their processes more efficient and also a tool where 
different scenarios can be modeled and used as a reference for future investments.  
 
The main processes in the iron ore production chain at LKAB, i.e. mine, sorting plant, 
concentrating plant and pelletizing plants will be modeled separately and are connected with 
primary product interaction (crude ore, “sorted ore”, “slurry” and iron ore pellet). The iron ore 
pellet demand from the pelletizing plant will determine the “slurry” demand from the 
concentrating plant, which in turn will determine the “sorted ore” demand from the sorting 
plant and so forth. The different processes and the main process flows are shown in figure 4.  
Internal material and energy flows are not included in the figure.  
 
 

    reMIND  

    CPLEX 

 Spreadsheet 

Equation solver 

 Analyzing tool 

     Result 



         Mine 

 
Figure 4. Schematic description of PI model LKAB. 
 

4.1. Mining 

The Malmberget mine consists of about 20 ore bodies, of which ten are currently mined. Most 
of the deposit consists of magnetite ore, but non-magnetic hematite also occurs. About 12 Mt 
of crude ore is extracted from the ore bodies each year. 
Mining in Malmberget takes place at several different levels, since there are many ore bodies. 
The main haulage levels are at 600, 815 and 1000 meters. There are crushers at each level. 12 
huge mine trucks, with payload capacities of 70 to 120 tonnes, are operated at these levels. 
The trucks are driven to vertical shafts. Drivers control loading from inside the cab of the 
truck. The fully-loaded truck is then driven to a discharge station and the ore is emptied into a 
crusher bin. The ore is fed into the crusher and crushed into lumps of about 100 mm in 
diameter. 
From main level 1000, the crushed ore is hauled by a 1.7-km-long conveyor to a skip shaft at 
the 815-meter level. From there, the ore is lifted to the surface by two skips. Final transport to 
the processing plants is via belt conveyor. There is also a crusher and hoisting station at level 
600, for ore mined in the Western field, where there is also hematite ore.  
 

4.2. Processing        
The processing plant at surface level consists of a sorting plant, a concentrating plant and two 
pelletizing plants.  
 

Sorting plant 
The crude ore that has been extracted from the mine enters the sorting plant where the main 
task is to separate the ore from the rock and to grind the ore down to smaller fractions. In the 
sorting plant, both magnetite ore and hematite ore are processed, yet in different sections, four 
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sections handling the magnetite flow and one section handle the hematite flow. Together with 
the hematite flow, a small amount of magnetite is included, so before further processing, the 
magnetite needs to be separated from the hematite. This is possible since hematite ore is 
weakly magnetic and magnetite ore is strongly magnetic, and therefore by magnetic 
separation it is possible to achieve this. When the hematite and magnetite has been separated 
from the rock and grounded into smaller fractions the processing continuing in the 
concentrating plant. The energy use in the sorting plant comes exclusively from electricity. 
  

Concentrating plant 
The task in the concentrating plant is basically to grind the ore to a fine powder in several 
stages and to remove undesirable components by separators. 
This is done with different kind of separating methods depending on the iron ore type. The 
magnetite separation is done magnetically and the hematite separation is done by gravitation 
and electro magnets with a high magnetic flow density. There are several different sections in 
the concentrating plant, all producing different ore-concentrate depending on the final 
product. The concentrate created is then mixed with water to form a slurry before pumped to 
the pelletizing plant. The slurry is dewatered with large filters, and mixed with binders and 
additives, depending on the type of pellet to be produced. Olivine, quartzite, limestone and 
dolomite are examples of additives. As for the sorting plant, the energy use in the 
concentrating plant is exclusively electricity, where the grinders consume approximately 70 % 
of the total electricity that is used in the concentrating plant. Important reactions to include in 
the model from the concentrating plant are mass and energy balance.  
 

Pelletizing plant 
The slurry that comes from the concentrating plant is fed into gigantic drums and rolled into 
centimeter sized spheres called green balls. These are then fed into a large so called straight 
grate furnace. This furnace consists of different zones where the pellets are dried, burned and 
cooled. The process starts with up-draught drying (UDD), followed by down-draught drying 
(DDD), a preheating zone (PH), a burning/firing zone (F) and a cooling zone (C). After the 
cooling zone the pellets has reached a temperature of about 100°C and are then tipped into an 
underground storage facility.  
 
In the burning zone, magnetite is transformed to hematite through oxidation. This reaction is 
very energy efficient since the oxidation is exothermic which means that energy is released in 
the form of heat. The chemical energy produced in the oxidation corresponds to 
approximately 70 % of the total energy consumption in the pelletizing plants. Besides the 
energy produced from the oxidation, energy in form of oil and electricity are also used in the 
pelletizing plant. Oil is used to drift the burners in the firing zone and electricity is used for 
the fans that handle the huge amount of air that is needed in the process. Since the pelletizing 
plant is the most complex process regarding energy use it is important to do a thorough 
analysis of the mass and energy balance before using this in the model.  
 

5. Discussion 
Since the European Union in January 2005 started their work with Emission Allowance Unit 
the prices on coal and oil has increased compared to the world market price. To decrease the 
emissions from the processes at LKAB an investigation is of interest to study the possibilities 
of alternative fuels, which will lead to decreased emissions.  



LKAB believes that the use of a process integration tool will be helpful in their work of 
making their processes more efficient and also a tool where different scenarios can be 
modelled and used as a reference for future investments.  
With the process integration method it is possible to define different objective fore the same 
model, the objectives that mainly will be analyzed are minimization of the specific energy use 
and CO2 emissions.  
 
The model core is an overall mass and energy balance for the production chain and separate 
sub-balances for the main processes which make it possible to perform a total analysis for the 
iron ore plant and to asses the effect of a change in the operation practice for the different 
processes. The standard way of operation in the iron ore plant is possible to change 
integrating new process equipment or materials and defining the interplay with the total 
system. The driving force for the model is the production of the final product of the system, 
i.e. iron ore pellet.   
 
This work will concentrate on the development of a mathematical programming tool, which 
can be used by industry in investigations regarding energy and environmental aspects in the 
iron ore process system. The mathematical model will be based on a mass and energy balance 
for the facility specified for the different unit operations, therefore is it important to do a 
thorough mass and energy balance in each unit, i.e. mine, sorting plant, concentrating plant 
and pelletizing plant. These studies are at this time in progress, and in the near future this data 
will be implemented into the model.  
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