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Abstract 
This paper is a part of a project which aim is to develop a process integration model for 

the Swedish iron ore company LKAB’s production system in Malmberget. Within the facility, 
there are two pelletising plants which were started up 1973 and 2006, respectively. Both 
pelletising plants are using the straight grate induration furnace, and they are the most energy 
intense process units within the facility. Basically a straight grate induration furnace consists 
of three different zones, i.e. a drying zone, a firing zone and a cooling zone, and their purpose 
is to upgrade crude iron ore to the final product of iron ore pellet. As an initial step of the 
project, the mass and energy flows within a straight grate induration furnace have been 
analysed. The outcome of the analysis will in the future constitute as a basis towards a total 
mass and energy balance for the whole production chain within the facility in Malmberget. 
Later on the model will be used to optimize, primarily, energy consumption and 
environmental impact. 

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 harbours 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 [1]. 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 will have increased from about 
1.7 to more than 2 terawatt hours [1]. 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 

mailto:samuel.nordgren@ltu.se


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.  
 

An important goal for the Swedish iron ore company 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. Process integration is the name 
for a number of different methods to systematically analyse industrial production systems. For 
example, process integration can be used to optimize the use of raw material or energy 
consumption, to minimize emissions or optimize the quality of the final product. Among the 
methods there are experience based methods, as well as mathematical programming and 
analysis with the help of physical relations and properties. The advantage by using process 
integration is that the whole industrial production system could be included into your model, 
by doing that you can avoid the negative effects that sub optimization can result in i.e. 
optimization of a single process unit does not necessary lead to an improvement of the whole 
production system.  

 
The produced iron ore pellet from the facility in Malmberget is mainly used for steel 

production at the SSAB steel plant in Luleå. During the last years, several studies have been 
carried out at the SSAB steel plant in the area of process integration, mainly using the 
methodology of mathematical programming [2-4]. The idea of developing a process 
integration tool for the iron ore industry is based on these models. As an initial step towards a 
total system analysis, this paper aims to analyse the mass and energy flows within the straight 
grate induration furnace, MK3.  The main processes in LKAB’s production facility are shown 
in Figure 1.  

 

 
Figure 1. Main processes at the production facility in Malmberget [LKAB.com]. 

2 Method 
The data that has been collected and used in this paper comes mainly from LKAB’s 

internal database. From the database, important parameters such as, temperatures of different 
gas flows, oil consumption, production rate and flow rates of different gas streams have been 
collected. This has been a valuable help in the work of analysing the material and energy 
flows within the induration furnace. Additional information, regarding parameters that 
haven’t been able to obtain from the internal data base, has been given by process engineers 
working at the plant.  

 



The straight grate induration furnace has been divided into four different zones, where a 
mass and energy balance has been calculated for each zone. If the whole induration furnace 
would be considered as one zone, the huge amount of internal air and gas streams would not 
be included in the mass and energy calculations.  The energy balance for each of the different 
zones within the induration furnace includes five different kinds of energy carriers which have 
been calculated separately.  

 
• Energy content in internal air/gas streams and exhaust gas  
• Thermal energy in pellet 
• Chemical energy (Oxidation of magnetite and calcination) 
• Oil 
• Drying of green pellet 

 
In the energy related calculations, a program called HSC Chemistry [5] has been used. 

HSC Chemistry is a PC-based system that solves chemical reaction and equilibrium problems 
by using data from various thermodynamic and electrochemical databases. HSC provides an 
add-in function which makes it possible to use the HSC database directly under MS Excel and 
in that way carry out several thermochemical calculations. For example, by knowing the 
temperature, composition and flow rate of an air/gas or exhaust gas stream makes it possible 
to use the add-in function to calculate the enthalpy of a specific stream. This program has 
been a helpful tool when calculating the thermal energy in the pellet as they entering/leaving 
the different zones. As mentioned earlier, this program has also been used to calculate the 
energy content in the internal air and gas streams as well as the energy content in the exhaust 
gas leaving the system. The calculations regarding the material flow are basically considering 
three different material transformations.  

 
• Water vaporization 
• Magnetite oxidation 
• Decomposition of limestone 
 

In the two drying zones, the water content in the green pellet is vaporized and follows the 
excess air out through a chimney. In the firing zone, magnetite is transformed into hematite in 
an exothermal reaction and the limestone is transformed into carbon dioxide and calcium 
oxide. These are the reactions of which the material balance is based on. 
 

Later on in this project, a mathematical programming technique called the MIND-method 
will be used. This is a method where the system is mathematically described and represented 
by a matrix of equations. The equation editor that will be used in the model design is called 
reMIND which provides a graphical interface by describing the relations between the sub-
process units. The model is represented by nodes and branches where the branches represent 
energy or material flows and a node may represent a process unit as well as a production line 
or a whole factory. Figure 2 shows a schematic description of a model based on reMIND.  
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Figure 2. Schematic description of a model based on reMIND. 

 
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. To describe variations in the system, 
boundary conditions are used. Boundary conditions could for example be a limitation of the 
capacity in a specific process unit, limited availability of different resources such as, fuels or 
raw material.  

3 Malmberget Pelletising Plants 
The pelletising plant is the final step in LKAB’s production chain where the aim is to 

produce iron ore pellet. At the facility in Malmberget there are today two pelletising plants. 
The first plant (BUV) was started up in the early 70’s. The request for iron ore pellet has 
increased in recent years, so in November 2004, LKAB took the decision to build a second 
pelletising plant (MK3) in Malmberget. This pelletising plant was ready for action in October 
2006. The pelletising plant consists of a number of different operation units, where the main 
unit is the straight grate induration furnace. Both plants are constructed more or less in the 
same way. The main difference between the two pelletising induration furnaces is that the 
newest induration furnace has an additional exhaust gas fan connected to the hot part of the 
furnace, and there are also a waste heat boiler installed in the newer induration furnace. Figure 
3 shows a schematic picture of the newest pelletising induration furnace, MK3.  
 



 
Figure 3. Schematic picture of the Malmberget Pelletising Plant, MK3. 
 

As the picture shows, the pelletising plant is divided into different zones where the main 
task is to dry, fire and cool the iron ore pellets. The direction of the flow of ambient air, gas 
streams and exhaust gas is marked with arrows in Figure 3. The name and purpose of the 
different zones are described in Table 1.  

 
Table 1. Description of the different zones. 
UDD – Up-draught-drying 
DDD – Down-draught-drying 
PH – Pre-heating 
F – Firing 
AFI – After-firing I 
AFII – After-firing II 
CI – Cooling I 
CII – Cooling II   

3.1 Material considerations 
Before the iron ore, in the form of green pellet is entering the straight grate induration 

furnace, it has been processed in different stages. In the sorting-plant, the crude ore that has 
been extracted from the mine is separated from gangue and crushed down to smaller fractions. 
Further on the crushed iron ore is entering the concentrating plant. The purpose here is to 
crush the iron ore down to even smaller fractions. Additives, such as olivine, limestone, 
quartzite, bentonite and water is added to form a slurry that later on will be rolled into 
centimetre sized spheres, these spheres, or green pellet, is then loaded onto a 90 meter long 
travelling grate and form a packed bed. The temperature of the green pellet entering the 
moving grate is approximately 30°C. Hot gas is blown through the bed to dry and fire the 



pellet up to about 1300°C, and then ambient air cools the pellet down to about 100°C. Table 2 
shows the approximate recipe for the ingoing green pellet entering the pelletising induration 
furnace.  

 
Table 2. Recipe of the ingoing green pellet. 
Component Wt % 
Magnetite 81.3 
Hematite 8.1 
Water 7.4 
Limestone 0.5 
Others 2.7 
Total: 100 
 

During the pelletising process a number of chemical reactions take place. The most 
important reaction is the oxidation where magnetite is transformed to hematite in an 
exothermal reaction i.e. energy is released in the form of heat. The other reaction is the 
calcination where limestone is transformed into calcium oxide (CaO) and carbon dioxide 
(CO2). This is an endothermal reaction which means that energy is needed to push the 
reaction forward. Equation 1 shows the exothermal reaction when magnetite oxidizes to 
hematite. Equation 2 shows the endothermal reaction when limestone is transformed into 
calcium oxide and carbon dioxide 
 

32243 64 OFeOOFe →+   ΔH < 0  (1) 

23 COCaOCaCO +→   ΔH > 0  (2)  

These chemical reactions, together with the vaporized water during the drying process, are the 
only material changes considered in this work.    

3.2 Energy considerations 
With regards to mass and energy flow, the MK3 pelletising induration furnace is a highly 

complex process unit. This is mainly because of the huge amount of internal gas and air flows 
which are used in the process. A primary up-draught stream of ambient air passes the pellet 
bed in the first phase of the cooling zone (CI). This stream is then distributed and pulled 
down-draught through the bed in the AFI, F and PH-zones; some of this gas is recuperated 
and used either in the up-draught drying zone (UDD) or in the down-draught drying zone 
(DDD). The secondary gas stream that passes up-draught through the second phase of the 
cooling (CII) is used either in the first or in the second phase of drying (UDD/DDD). When 
the primary gas stream leaves the first cooling zone it has a temperature of approximately 
900°C. This stream, together with the heat from the oil-burners inside the pre-heating and 
firing-zone, is firing the pellets to a temperature of about 1300°C. The temperature of the gas 
leaving the PH, F and AF-zones is normally lower than 400°C. A part of this gas stream is 
then used, together with the off-gas stream from the second cooling phase, to dry the pellet in 
the drying zone. If the temperature of the gas stream that is used to dry the pellet is too high, 
the pellet can disintegrate by the pressure generated by the steam as the pellet dry at too fast 
[6]. There are three exhaust gas fans that are handling the huge amount of off gases that has 
been generated from the process. To each of these exhaust gas fans there are connected a dust 
cleaning unit, there is also a sulphur-cleaning unit connected to the exhaust gas fan that is 
handling the off-gas stream from the firing-zone. The hot process gases from the second 



cooling zone are not used entirely for the up-draught drying process, a heat exchanger is 
installed to use a part of the off gases for heating of boiler water.  

  
The predominant iron mineral in LKAB’s mines is magnetite ( ), which has the 

advantage that energy is liberated during the upgrading process. In comparison with hematite 
ore ( ), approximately 60% of the thermal energy needed during pellet manufacture 
comes from oxidation, which reduces the need for external fuel. Most of the pellet producers 
around the world use hematite ore, which leads to a significantly higher input of energy in the 
upgrading process, approximately 15 litres of oil per tonne of final product. By comparison, 
LKAB’s pellet plant in Malmberget uses only 5 litres of oil per tonne pellets [1]. 

43OFe

32OFe

4 Zone classification – Energy and mass balance 
The two pelletising plants are, by far, the most complex units within the facility in 

Malmberget. Therefore it is important to make a thorough analysis of the mass and energy 
flows before adding these data into the process integration model. Because of the complexity 
of the pelletising plant, a mass and energy balance are made for each of the different zones, 
instead of an overall mass and energy balance for the whole plant. However, some small 
changes are made, regarding how to divide the zones when calculating the mass and energy 
balance. In this case, it was decided to divide the pelletising induration furnace into zones 
which corresponds to the individual flows of the air and exhaust gas. The pelletising 
induration furnace is therefore divided into four different zones where a mass and energy 
balance has been carried out for each zone. These zones are showed in Figure 3, where the 
boundary of each zone is marked with a vertical line. In the following chapter, a description 
of the material and energy flows, as well as the result of the analysis of the energy flows in 
each of the different zones is described. The figures of the different energy carriers in the 
following tables are shown as percentage of the total energy use in each zone instead of the 
actual magnitude of the energy content.  

4.1 UDD – Zone   
The material, in the form of green pellet, which are entering the UDD-zone holds a 

temperature of approximately 30°C, this means that the thermal energy in the iron ore pellet 
more or less can be neglected. The main energy contribution in the UDD-zone comes from 
the hot gas flow which is blown through the pellet bed in an up-draught direction. This flow 
comes from the second part of the cooling zone and holds a temperature of approximately 
300°C. The gas flow is blown to the UDD-zone via a process fan. The reason why the first 
drying zone is of up-draught type, is because the lower part of the hearth layer must be strong 
enough to hold the weight of the pellet bed, also the force exerted by the pressure drop 
generated to pull the gas through the bed and the recondensation of moisture from the gas 
stream as it goes further into the bed contributes to the reason why the first drying zone is of 
up-draught type [7].  If the temperature of the hot gas which is blown through the pellet bed is 
too high, the pellet may disintegrate because of the pressure generated by steam as they dry to 
fast. A part of the water in the green pellet is vaporized in the UDD-zone. The vaporized 
water, together with excess air, is blown via an exhaust gas fan and out through a chimney. 
The temperature of the exhaust gas is approximately 90°C. Most of the added energy in the 
UDD-zone is consumed during the drying of the green pellet. The sources which contribute to 
the energy balance in the UDD-zone are shown in Table 3 

 
 
 



Table 3. In- and outgoing energy in the UDD-zone. 
Ingoing energy Outgoing energy 

Energy carrier % Energy carrier % 
Hot gas 100 Exhaust gas 36 
Thermal energy 
in ingoing pellet  

0 Thermal energy in 
outgoing pellet 

14 

Chemical energy 
from magnetite 
oxidation 

0 Chemical energy 
from calcination 

0 

Oil 0 Drying of green 
pellet 

50 

Total: 100 Total: 100 
 

The composition of the green pellet entering the UDD-zone is shown in Table 4. The 
carbon dioxide and calcium oxide which is generated during the calcination in the firing zone 
is considered as a component in the ingoing material. The observant reader can note that the 
composition of Table 4 differ a little bit from the compsition in Table 2. The differences is 
due to the fact that for example magnetite also consist of a small amount of hematite and vice 
verca. This was not taken into consideration in Table 2 where only the recipe of the green 
pellet was stated.  

 
Table 4. Composition of ingoing green pellet. 
Composition Wt % 
Fe3O4 79.0 
Fe2O3 9.67 
H2O 7.37 
CO2 0.2 
CaO 0.48 
Others 3.28 
Total: 100 
 

4.2 DDD – Zone 
This zone has been extended so it corresponds to the exhaust gas flow which is leaving 

the zone through the exhaust gas fan, i.e. a part of the preheating zone is also included. The 
reason why the zone has been extended is simply to make it easier to calculate the mass and 
energy balance. The purpose in the DDD-zone is basically to dry the green pellet so that the 
remaining water content in the green pellet is fully vaporized. This is done by a hot gas flow 
which is blown through the bed in a down-drought direction. This hot gas flow is coming 
from the after-firing zone and holds a temperature of approximately 340°C. The pellet bed 
mean temperature is raised from 50°C to 225°C. These temperatures, as well as the oxidation 
degree in each zone, are approximated from CFD calculations [8]. In this zone, a minor part 
of the magnetite oxidation has started. This results in an increased heat supply in the DDD-
zone since the magnetite oxidation is an exothermal reaction. The oxygen content in the 
exhaust gas is reduced in the DDD-zone because oxygen is consumed during the magnetite 
oxidation. The exhaust gas flow holds a temperature of approximately 130°C. The sources 
which contribute to the energy balance in the DDD-zone are shown in Table 5. 

 
 
 



Table 5. In- and outgoing energy in the DDD-zone. 
Ingoing energy Outgoing energy 

Energy carrier % Energy carrier % 
Hot gas 77 Exhaust gas 22 
Thermal energy 
in ingoing pellet  

4 Thermal energy in 
outgoing pellet 

38 

Chemical energy 
from magnetite 
oxidation 

19 Chemical energy 
from calcination 

0 

Oil 0 Drying of pellet 40 
Total: 100 Total: 100 
 

4.3 Firing zone 
The water content has more or less fully been vaporized when the pellet is entering the 

firing-zone, and the main purpose in this zone is to fire the pellet. During the so called 
sintering process in the firing zone, magnetite ore is transformed to hematite ore in an 
exothermal reaction. Most of the magnetite oxidation takes place in the firing zone, which 
leads to an additional contribution of energy. As an additional energy supply, 16 oil burners 
are located above the hearth layer in the firing and after-firing zone. The air that comes from 
the first cooling zone is heated up by the oil burners to fire the pellet to a temperature of 
around 1300°C. Besides the magnetite oxidation, another chemical reaction takes place in the 
firing zone. Limestone (CaCO3), which is an additive in the iron ore pellet which works as a 
slag former during steel production, is transformed into calcium oxide (CaO) and carbon 
dioxide (CO2) in an endothermal reaction, i.e. energy is needed to push the reaction forward. 
If the firing-zone is considered as a closed system, the largest contributor of energy is the 
huge gas flow that comes from the first cooling zone. The temperature of this flow is 
approximately 900°C. The exhaust gas flow has reduced oxygen content due to the fact that 
oxygen is consumed in the magnetite oxidation and also during the oil combustion. There are 
two different gas flows leaving the firing zone. The main part of the gas is blown from the 
firing zone via an exhaust gas fan out through a chimney. Except from excess air, the exhaust 
gas flow also consists of carbon dioxide and moisture which are generated during the oil 
combustion and calcination. This exhaust gas flow holds a temperature of approximately 
135°C. The other gas flow which leaves the firing zone is used to dry the pellet in the DDD-
zone which holds a temperature of approximately 340°C. The sources which contribute to the 
energy balance in the DDD-zone are shown in Table 6. 

 
Table 6. In- and outgoing energy in the Firing-zone. 

Ingoing energy Outgoing energy 
Energy carrier % Energy carrier % 
Hot gas 64 Exhaust gas 18 
Thermal energy 
in ingoing pellet  

8 Thermal energy in 
outgoing pellet 

81 

Chemical energy 
from magnetite 
oxidation 

15 Chemical energy 
from calcination 

1 

Oil 13 Drying of pellet 0 
Total: 100 Total: 100 
 



4.4 Cooling zone 
The hot pellet coming from the firing-zone is in this zone cooled down to approximately 

100°C. This is done by ambient air which is blown through the bed in an up-draught direction. 
The cooling process requires a huge amount of ambient air which later on will be distributed 
and used as a heat carrier in different parts of the pelletising process. The energy supply from 
the ambient air is neglected due to the low temperature. The main part of the air is forced, by 
process fans, into the firing zone to fire the pellet together with additional energy from the oil 
burners. A secondary gas flow is used in the UDD-zone. A part of the secondary gas flow is 
also used in a heat boiler to heat up water. This so called economiser consists of two circuits, 
the hot air circuit and the boiler water circuit. When hot process gases of approximately 
315°C are passing through the economiser, the incoming (recirculated) boiler water having a 
temperature of about 90°C gets heated to approximately 110°C. The off gas flow after the 
economizer has a temperature of approximately 160°C, and this flow is directed to the 
exhaust fan that is connected to the down-draught drying zone. The magnetite is not fully 
oxidized to hematite in the firing-zone, meaning that the pellet entering the cooling zone 
consists of a small amount of magnetite. This leads to an additional energy supply from 
magnetite oxidation in the cooling-zone. The sources which contribute to the energy balance 
in the cooling-zone are shown in Table 7. 
 
Table 7. In- and outgoing energy in the Cooling-zone. 

Ingoing energy Outgoing energy 
Energy carrier % Energy carrier % 
Hot gas 0 Exhaust gas 97 
Thermal energy 
in ingoing pellet  

95 Thermal energy in 
outgoing pellet 

3 

Chemical energy 
from magnetite 
oxidation 

5 Chemical energy 
from calcination 

0 

Oil 0 Drying of pellet 0 
Total: 100 Total: 100 
 

The composition of the outgoing iron ore pellet, only considering materials which has 
been transformed during oxidation or decomposition, is shown in Table 8.  
 
Table 8. Composition of outgoing iron ore pellet. 
Composition Wt % 
Fe3O4 1.6 
Fe2O3 94.45 
CaO 0.51 
Others 3.44 
Total: 100 
 

5 Concluding remarks 
LKAB’s use of fossil fuels and carbon-based additives results in emissions of the 

greenhouse gas carbon dioxide (CO2). In the pelletising plant, most of the CO2-emission is 
generated from the oil combustion and from the decomposition of limestone. However, it is 
important to emphasize the great environmental advantages implicit in LKAB’s production 
processes, both with respect to energy consumption and environmental impact.  



The aim of this paper was to analyse the different material and energy flows within a 
straight grate induration furnace. In this work, one of the straight grate induration furnaces at 
LKAB’s production facilities in Malmberget has been studied. This is an initial step towards a 
complete analysis, regarding material and energy flows, of LKAB’s whole production system. 
These analyses will in the future constitute as a basis towards the development of a process 
integration model that will be used to optimize, primarily, energy consumption and 
environmental impact. 

 
From the energy balance calculations some uncertainties in input data has been 

identified. For example, the total intake of ambient air is not logged. Therefore this flow was 
theoretically calculated considering the outgoing flows through the three exhaust fans, the 
reactions that take place, mainly in the firing zone and the amount of vaporized water. 
However, the uncertainty by doing this kind of calculation is that air leakages into the furnace 
not are included in the calculation, which may influence the result of the energy balance in the 
different zones. 

 
The analysis of the mass and energy flows within one of the straight grate induration 

furnaces at LKAB in Malmberget is an initial step towards a total analysis of the production 
system. Most of the work will be concentrated at the straight grate furnaces since those are the 
most complex process units within the facility. When the whole system has been analysed, 
regarding material and energy flows, it will be implemented into the process integration 
model. 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 plant and to asses the effect of a change in the operation practice for the 
different processes. It’s possible to change the standard way of operating the plant by 
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. Additional measurements regarding the intake of ambient air, has a high 
priority to be able to make the mass and energy balance in the straight grate furnace as 
thorough as possible. Further on, the magnitude of the air which leaks into the furnace should 
be investigated.  

 
Another methodology in the area of process integration, namely pinch analysis, can be 

applied for future work. 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. The 
straight grate induration furnace can be considered as a huge heat exchanger, with a number 
of different ´hot streams´ and ´cold streams´, therefore pinch analysis can be a suitable choice 
for future optimization work.  
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