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ABSTRACT 

Knowledge about variations in energy use for energy intensive industries is becoming 
more important due to rising fuel prices and international competition. Many 
industries will need to produce a higher share of more refined products to survive. The 
knowledge about energy usage variations can be used for identification of potential 
energy and emission savings and for price setting of products. 

In this master thesis the variations of the energy use of an integrated steel mill have 
been analyzed. The project was carried out at Outokumpu Stainless – Avesta Works 
in Avesta, Sweden.  The aim was to identify production and product related 
parameters, which affect the energy use of the steel mill. Furthermore a calculation 
tool was built to predict the annual energy use with the annual production mix as 
input. 

Existing energy log data was allocated to the process log data for 2010 to retrieve the 
energy usage indicators for each product group. This data was used to analyse the 
energy usage variations and was the foundation for the calculation tool. Two cases 
where the share of ‘special’ steel products was increased compared to the production 
mix of 2010 were implemented with the tool.  

The results show that production of ‘special’ steel is more energy intensive than 
‘standard’ steel. An increase of ‘special’ steel in the production mix could therefore 
increase the energy consumption, the CO2 emissions and the production costs of the 
plant. Including energy related parameters in the price setting process could therefore 
improve it by charging the customer for the real energy costs. 

 

Key words: Integrated steel mill, energy analysis, allocation methodology, 
production related variations. 
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Energianalys av ett integrerat stålverk: Outokumpu Stainless – Avesta Works 

Produktrelaterade variationer 

Examensarbete inom masterprogrammen Sustainable Energy Systems & Innovative 

and Sustainable Chemical Engineering Masters  

VIKTOR KAMB & MARTIN LUNDSTRÖM 

Institutionen för Energi och Miljö 

Avdelningen för Värmeteknik och maskinlära 

Chalmers tekniska högskola 

 

SAMMANFATTNING 

Kunskap om variationer i energiförbrukningen för energiintensiva industrier blir allt 
viktigare på grund av stigande bränslepriser och internationell konkurrens. Flera 
industrier kommer att behöva producera en större andel mer förädlade produkter. 
Kunskap om variationer i energiförbrukningen kan användas både till identifiering av 
energibesparingar, minskningar av utsläpp och vid prissättning av produkter. 

I detta examensarbete har variationerna av energiförbrukningen vid ett integrerat 
stålverk analyserats. Projektet utfördes vid Outokumpu Stainless – Avesta Jernverk i 
Avesta. Målet var att identifiera produkt och produktionsrelaterade parametrar som 
påverkar energianvändningen. Dessutom konstruerades ett beräkningsverktyg för att 
förutspå den årliga energiförbrukningen baserat på produktionsmixen. 

Data från energiloggar allokerades till processloggar från 2010 så att nyckeltal för 
energiförbrukningen för olika produkter kunde beräknas fram. Denna data användes 
för att analysera variationerna i energiförbrukningen och var grunden till 
beräkningsverktyget. Två scenarion konstruerades där andelen specialstål ökades 
jämfört med produktionsmixen för 2010. 

Resultaten visade att det krävs mer energi för att producera specialstål än standardstål. 
En ökning av andelen specialstål i produktionsmixen skulle därför öka 
energiförbrukningen, koldioxidutsläppen och produktionskostnaderna vid 
anläggningen. Inkludering av energirelaterade parametrar i prissättningen av 
företagets produkter skulle förbättra denna process genom att kunde skulle få betala 
för de reella energikostnaderna. 

 

Nyckelord: Integrerat stålverk, energianalys, allokeringsmetodik, produktions- 
relaterade variationer.  
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Preface 

This report presents a master thesis project carried out for Outokumpu Stainless AB, 
Avesta Works. The project was done from January 2011 to May 2011 at the 
Department of Energy and Environment, Heat and Power Technology at Chalmers 
University of Technology, Göteborg, Sweden.  

The project was done as a part of Avesta Works’ participation in PFE (Programme for 
Improving Energy Efficiency in Energy Intensive Industries) run by the Swedish 
Energy Agency.  The aim was to map and analyse the energy consumption of the steel 
mill. Focus was put on identifying the variations in the energy consumption in 
connection to different products and their production processes.  

This report is written in English since it is requirement for the master programmes at 
Chalmers. Within the steel industry there are many technical terms in Swedish that 
have been translated into English in this report. These are available in a dictionary on 
pp. IX.  

We would like to show our gratitude to our examiner professor Simon Harvey and our 
supervisor Nicklas Tarantino, for their commitment. We would also like to thank 
Torbjörn Gustavsson, Christina Wretstam, Elin Stål and the other employees at 
Avesta Works for their time and patience. 

 

Göteborg May 2011 

Viktor Kamb and Martin Lundström 
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A  Area of heat transfer surface 
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cwpC  Specific enthalpy of cooling water 

LPGiE ,
 LPG consumption during hour i 

ixE ,
 LPG consumption for slab x during full hour i 

inxE ,
 LPG consumption for slab x during its inserting hour 

outxE ,
 LPG consumption for slab x during its exiting hour 

totxE ,
 Total LPG consumption for slab x 

iG Total weight factor for all slabs during hour i 

ixG ,
 Weight factor for slab x during full hour i 

inxG ,
 Weight factor for slab x during its inserting hour 

outxG ,
 Weight factor for slab x during its exiting hour 

TgH ,
 Enthalpy of flue gases at temperature T 

gyH ,
 Enthalpy of substance y in flue gas 

LPGH  Combustion enthalpy of LPG 

TlH ,
 Enthalpy of air at temperature T 

TsteelH ,
 Enthalpy of slab at temperature T 

L  Length scale for convective heat transfer 

yM  Molar mass of substance y 

LNu  Nusselt number 

pumpP  Pump power 

Pr  Prandtl number 

slabQD  Heat absorbed by slab 

lQ Energy in combustion air 

cwQ  Energy loss in cooling water 

LRa  Rayleigh number 

cwT  Temperature of cooling water 

outT  Temperature of exiting slab/band 

inT  Temperature of ingoing slab/band 

outT  Temperature of exiting slab/band 

sT  Temperature of surface 

¥T  Temperature of surroundings 

ixS ,
 Share of total residence time during hour i for band/slab x 

vgV ,
 Real flow rate of flue gas 
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0,lV  Theoretical flow rate of combustion air 

vlV ,
 Real flow rate of combustion air 

yV  Flow rate of substance y 
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xW  Total electricity consumption for band/slab x 

iW Electricity consumption during ‘whole hour’ i 
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g  Gravitational constant 
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convh  Convective heat transfer coefficient 

k  Thermal conductivity of air 

0l  Theoretical specific air demand 

vl  Real specific air demand 

cwm  The mass flow of cooling water 

slabm  The mass of a slab 

xm  The mass of slab x 
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pD  Differential pressure in furnace 

q  Volumetric flow rate of cooling water 

inxt ,
 Time period slab/band x is inserted into the furnace 

outxt ,
 Time period slab/band x is exiting the furnace 

insxt ,
 The ‘whole hour’ slab/band x is inserted into the furnace 

exitxt ,
 The ‘whole hour’ slab/band x is exiting the furnace 

gv  Flow rate of combustion air out of windows 
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furnacee  Emissivity of furnace surface 

tote  Total emissivity of flue gases 

ye  Gas emissivity of substance y in flue gas 

eD  Correction factor for flue gas emissivity 

l  Air excess ratio 

gr  Density of flue gases 

lr  Density of combustion air 
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yr  Density of substance y 

s  Stefan Boltzmann’s constant 

it  The total residence time of all slabs during ‘whole hour’ i 

ix ,t  The residence time for slab/band x during ‘whole hour’ i 

inx,t  The residence time for slab/band x during the ‘inserting hour’ 
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Dictionary 

Annealing    Glödgning 

Annealing and pickling line (APL)  KBR - kallt, brett, rostfritt 

Blasting    Blästring (slungabehandling) 

CGS     Slabs ID-nummer på varmbandsverket 

Casting box    Gjutlåda 
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Cold grinding (CG)   Kallslipanläggning 

Continuous casting   Stränggjutning  

Electric arc furnace (EAF)  Ljusbågsugn 

Hot grinding (HG)   Varmslipanläggning 
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Hydroflouric acid   Flourvätesyra, vattenlösning av HF 

L76     Linje 76 - glödgnings och betningslinje 

Ladle furnace    Skänkugn 

Pass     Stick  

Pickling    Betning (syrabehandling) 

Recuperator    Rekuperator/luftförvärmare 

Roughing mill    Förpar 

Run     Körning 
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1 Introduction 

1.1 Background 

The steel industry is the second largest energy consumer in Swedish industry (Swedish 
Statistics, 2009). Although many improvements regarding the energy use have been made, the 
potential for further savings within the industry is still significant (Dahl et. al, 2008). 
Outokumpu Stainless AB, Avesta Works produces a wide range of stainless steel types, 
specializing in stainless ‘special steel’, which means high temperature resistant, high alloy and 
duplex steel.  Some statistics about the production mix of the mill are presented in Table 1.1. 
 

1.1.1 Production at Avesta Works 

The plant constitutes of three main departments: Steel mill (SM); where metal scrap is melted 
and then cast to slabs, Hot rolling mill (HRM); where the slabs are rolled in a heated state and 
Annealing and pickling line (APL) where the steel is surface treated and cold rolled. Since the 
steel mill is of electric arc furnace type (EAF) the electricity consumption is significant. Apart 
from electricity, the energy consumption of the plant consists of liquefied petroleum gas 
(LPG) and WRD oil – EO3A (Svenska Shell, 2010). The energy consumption has, as well as 
being directly connected to CO2 emissions, an appreciable influence on the production cost. 
The use of energy and other resources at the plant can be seen in Table 1.2. Note that the CO2 
emissions only include the emissions on site and does not include emissions from electricity 
usage. 

The end product of the plant is a thin steel plate (1-13mm thick) which is called a ‘band’. 
These are usually 100 to 500 meters long and are transported and sold as rolls. The plant 
produces the steel on order, the process is of batch type and the type of product that is 
processed at each department can change quickly (every hour). For example at APL, about 
three bands per hour are processed, and the type of steel and thickness of the band processed 
changes very often. The time from melting of the scrap at SM until the band is finished at 
APL is approximately three weeks. All of this time is not effective production time though as 
the slabs usually lie outside waiting for processing at HRM. The effective production time 
depends on steel type, production logistics and if any reprocessing has to be done. 
Furthermore, bands might have to be reprocessed or scrapped at different parts of the plant. 
All of this implies that the energy consumption can vary rapidly in time and between different 
products. 
 
Table 1.1 Annual production mix for 2010 at Avesta Works. (Löfgren. A, 2011) 

Steel type Ton delivered Percent 

1 133 155 71,1% 

2 25 284 13,5% 

3 13 058 7,0% 

4 11 704 6,2% 

5 3 345 1,8% 

6 824 0,4% 

Total 187 370   
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Table 1.2 Energy and resource usage at Avesta Works (Tarantino. N, 2010 & Mogard. S, 2008). 

Energy use (2010) [MWh/year] 

Electricity 358 621 

LPG 239 418 

WRD oil 103 185 

Production (2010) [Ton/year] 

Production Steel mill 352 126 

Production Hot rolling mill 322 699 

Production Annealing and pickling line 194 139 

Resource usage (2008) [Ton/year] 

Metal scrap 364 271 

Alloy substances 102 730 

Dehydrated lime 53 102 

Fluorspar 6 464 

Dolomite 10 355 

Pulverized coal 1 886 

CO2 emissions (on site) 125 218 

 

1.1.2 PFE 

Avesta Works is since year 2004 part of the “Programme for Improving Energy Efficiency in 
Energy Intensive Industries” which is run by the Swedish Energy Agency. The industries that 
join and complete the programme get an energy tax cut. The first two years of the programme 
involves an obligation of mapping and analyzing the energy consumption and its variations as 
well as introducing a certified energy management system. During the three remaining years 
there is an obligation of working with improving the energy efficiency of the facility. Both 
after the first and the second period the work has to be presented to the agency and approved 
by them (Swedish Energy Agency, 2010). Avesta Works has completed the first five-year 
period and is now in a second five-year period, which will run until 2014. This means that 
during 2011 the mapping and analysis of the energy consumption has to be presented. 

In connection to PFE the energy consumption of the plant has been surveyed and several 
investigations regarding possible process improvements have been done. One example is 
improved preheating of the metal scrap. Investments were done in new scrap metal baskets so 
that a larger share of the metal scrap can be preheated to the target temperature 300°C before 
being melted in the electric arc furnace. However, no overall investigation of how the 
production mix affects the energy consumption has been done.  

Avesta Works wants to increase their share of ‘special’ steel in their production mix, which 
could results in a higher specific energy consumption. This would have to be motivated for 
PFE since the programme only looks at the energy consumption per produced amount and not 
at the type of steel produced. Quantifying this potential change in energy consumption is 
therefore of great importance for the future.  
 

1.1.3 CO2 emissions 

As stated earlier the energy consumption has a strong connection to CO2 emissions. Starting 
in year 2013 the trading system for emission permits will have tougher rules. During the two 
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previous trading periods the allocation of permits was done nationally, based on 
‘grandfathering’. This means that the permits were acquired for free based on historical 
emissions. For the new period (2013-2020) the allocation will be done partly by 
‘benchmarking’. This means that emissions will be compared with the average of the ‘EU-
best-practice-10-percentile’. Industries that are not subject to international competition will be 
given permits for 79% of ‘best practice’ and pay for the rest. Industries that are subject to 
international competition (like Avesta Works) will pay for their emissions exceeding ‘best 
practice’. All of the emissions will be sold by auctioning and the amount of free permits will 
decrease gradually in the future (Swedish Environmental Protection Agency, 2010).  

The tougher rules are expected to increase the price for electricity in the European Union and 
this increase will probably have a larger impact than the cost for emission rights for electricity 
intensive industries (Swedish Environmental Agency, 2006). So due to these new rules the 
CO2 emissions are of interest to Avesta Works both due to environmental and economic 
reasons, especially in connection with the potential change of production mix.  
 

1.1.4 Price setting 
A more detailed knowledge about the specific consumption for different products could also 
be helpful in the price setting process of products. Today the energy cost is allocated to the 
products with the energy consumption included partially. The price setting of the produced 
steel at Avesta Works is dependent on different so called “drivers”. Some examples of drivers 
are raw material costs, processed weights and residence times in different units. The 
electricity consumption of two process parts (electric arc furnace and the ladle furnace) are 
included as energy related drivers. Fossil fuel is not used as a driver. If the energy 
consumption for different steel types was known in detail this could be included as drivers in 
the price setting. Thereby the customer could be charged for the actual energy and emission 
costs for the steel type requested. 
 

1.1.5 Summary 
Partial studies of the influence of different production parameters on the energy use have been 
done for some sub process parts. But no investigation of the whole plant has been done. A 
survey of how the energy use is affected by which type of steel that is produced and under 
which circumstances would as stated above be of great use in many issues. These are: 
communication with authorities and in especially in connection with PFE, to identify where 
further production and process improvements could be done and for prediction of production 
costs and CO2 emissions.  
 

1.2 Objective 
The main objective of this thesis is to map the difference in energy consumption (for the 
whole plant) between the production methods of different steel qualities. Furthermore, an 
identification of the most important product and production parameters that affect the energy 
consumption is to be done. This together with an analysis of possible improvements regarding 
equipment and production patterns. The main end product of the work is a ‘calculation tool’ 
for estimating the energy consumption and emissions for the whole plant for a production 
year, with the produced steel qualities as input. 
 

1.3 Problem Analysis 
The gathering of data for the survey is a time consuming activity. Thereafter the unimportant 
data has to be filtered, which demands a good insight into how the process works. The data is 
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generally logged in three different systems for each of the three departments. One process log, 
where product ID-number, steel type, dimensions, temperatures etc. can be found. The other 
two logs are for electricity and fossil fuel. The time steps used for the logging systems are not 
of the same size and vary for the process logs. This together with the complexity of the 
production pattern at the plant makes the process of sorting and aggregating data rather 
complicated. Because of the differences in time steps between data logs, methods for inserting 
and allocating the energy data into the process log must be developed. Furthermore, the 
linking of the results from the three departments must be planned initially. 
 

1.4 Methodology 

A flowchart of the work procedure can be seen in Figure 1.1. The end results of the project 
are marked with red borders. The project started with a literature study to gain insight in how 
the steel making process works and to understand the most important energy aspects of it. 
Since some mapping work already was done for parts of the plant the project carried on with a 
study of this work. Learnings from this study was methodology regarding data gathering and 
structuring, and other conclusions made. 

 

Figure 1.1 Flowchart of analysis procedure. 

 
A study of the different steel qualities produced was done and these were divided into 
different groups depending on steel type, surface, thickness etc. Thereafter the production 
methods for each group were studied beginning from the back end of the process, i.e. APL. 
This because it is here that the largest differences between the products are created. A 
summary of the possible relations between product and production parameters and the energy 
consumption is found in Chapter 3. Process log, electricity and fossil energy consumption 
data was acquired and imported to MS-Excel. The data was taken for the whole production 
year 2010. This because the process at the plant has evolved both physically and operationally 
in recent years, so using older data would not have been accurate. 

Then the process log was studied to find out how production parameters relate to steel 
properties. Based on this study a method for linking energy and process log data was evolved. 
This method was used to insert and allocate the energy data to the process log and then do the 
energy calculations. The ‘allocation  method’ was evaluated by comparing the real energy 
consumption with the estimated energy consumption in the process log. Furthermore, tools 
such as energy balances, analysis of ongoing process reactions as well as molecular species 
balances were used where applicable (e.g. furnaces) for evaluation. The allocation methods 
are described in Chapter 4 and more information about the choice of the analyzed data can be 
found in Chapter 5. 

When this had been done the effect of steel properties and production parameters on the 
energy consumption was analyzed. During this analysis possible process or production 
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improvements were identified. The results from this work can be found in Chapter 6, and a 
summary of the identified parameters in Section 6.8.  Due to the large amount of data pivot 
tables were used in MS Excel. This procedure was repeated for each of the three main parts of 
the plant. The results from the three production plant units were then linked together and 
provided the basis for the ‘calculation tool’ which was constructed in MS Excel. The 
calculation tool was then used to predict how a change in production mix affects the energy 
use, which is described in Chapter 8. 
 

1.5 Limitations 

The study focused on fossil fuel and electricity usage so other media and chemicals were 
excluded since this would rather be mapped in an LCA-analysis. However, two exceptions 
were made to this. Firstly, significant amounts of oxygen are used in some process parts and 
air separation is a rather energy intensive process, therefore it was included. Secondly, some 
chemicals are added which fuel exothermic reactions in the steel mill, so these were included. 
Energy consuming units that are not affected by the product produced were not analyzed in 
detail. However, data for all processes are presented and used in the calculation tool to stress 
how large the variable part of the energy consumption is. For example, lighting, cooling 
systems are running at constant speed and belongs to this category. The process of completion 
of the bands which is found after the annealing and pickling line was excluded since it is not 
that interesting from an energy variation view point. 
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2 The steel making process at Avesta works 

Outokumpu is a global company within the stainless steel market producing both hot and cold 
rolled band rolls. Their main customers are producers of equipment for transportation and 
storage of chemicals, food and brewery industry and piping. The steel production at Avesta 
Works is fully integrated, which means that all the steps from raw material to product can be 
done on site. The three main processes are Steel mill (SM), Hot rolling mill (HRM) and 
Annealing and pickling line (APL). The steel mill is of the electro-steel works type and uses 
recycled scrap metal as raw material. 
 

2.1 Steel mill (SM) 

The first part of the production process is the steel mill. This plant consists of the processes 
from the scrap metal area to the hot grinding as described in Figure 2.1.  In the first part of the 
process the scrap is taken from the raw material area and lifted by cranes into three scrap 
baskets. These run through a preheater which heats the metal to 300°C with help from the flue 
gases from the electric arc furnace (EAF). The preheating is done in order to prevent possible 
steam explosions from melting snow and ice in the furnace and to decrease the energy 
demand in the EAF. 

The EAF is the most energy consuming unit at the plant and has a power demand of 90 MW. 
The scrap is melted by electric arcs that are created between three electrode tips and the scrap. 
Every charge consists of about 100 tons of scrap and the process of filling, melting and 
draught takes approximately one hour. The furnace also uses liquid petroleum gas (LPG) 
burners of 12 MW and chemical reaction energy in the parts where the electrode tips not are 
effective. Chemical reaction energy means oxidization of pulverized coal and reduction 
chemicals that cause exothermic reactions in the furnace.  

At 1650°C the steel melt is tapped into an LPG preheated ladle that transports the melt to a 
converter. The converter reduces the carbon content in the melt from 1-1.5% to the specified 
value of the product (usually around 0.02%). This is done by oxidizing the carbon with 
oxygen gas that is bubbled through the melt. This oxidization is exothermic and supplies the 
unit with energy. After the oxidization the chrome content is increased by re-reducing chrome 
from the slag with silica and aluminium substances. This reaction also releases significant 
amounts of energy so parts of these substances are only added as chemical energy to ‘fuel’ the 
converter. Finally the sulphur content is decreased to 0.001% by adding dehydrated lime and 
fluorspar. The flue gases from the electric arc furnace and the converter can have a 
temperature up to 1500°C and are slightly cooled before being cleaned in a flue gas cleaning 
system. 

In the ladle furnace the final adjustment before the casting continuous casting takes place. To 
satisfy the requested properties of the steel the temperature is regulated and alloy substances 
can be added. The casting of the ‘steel strand’ takes 40-60 minutes and the melt is fed into a 
casting box, which is pre-heated by LPG. From the casting box the melt goes down into a 
water-cooled chill whose actual measurements decides the dimensions of the produced steel 
strand. If the width of the strand needs to be changed the dimensions of the chill can be 
changed, but if the thickness of the strand is to be varied the whole chill need to be 
exchanged. While the strand is produced its surface is cooled in several steps by water. 
Common dimensions of a strand are a thickness of 140,160 or 200 mm and a width of 800-
2100 mm. 
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The steel is then cut into slabs with a maximum length of 11 meters and a maximum weight 
of 28 tons. After the cutting the slabs go through a hot grinding area, which consists of two 
heavy grinding machines and two fine grinding machines. The normal operation temperature 
for hot grinding is 800°C although cold slabs can be ground here as well. The next step is cold 
grinding which consists of three grinding machines that operate outside the range of the hot 
grinding machines (short or crooked slabs). Some slabs are sold directly from here.  
 

2.2 Hot rolling mill (HRM) 

A simplified flowsheet of the hot rolling mill is shown in Figure 2.2. In this process the slabs 
from the steel mill are treated to create so called “black bands”. The first part of HRM 
consists of two reheating furnaces called walking beam furnaces. These are heated by LPG 
and the slabs exit at a temperature of 1200-1270°C so that the material is more easily 
processed. The flue gas from these furnaces is used for air preheating in recuperators and then 
used in a waste heat boiler which is connected to the district heating network. After being 
heated the slabs are transported into the roughing mill where the slabs are rolled down to a 
thickness of 20-25 mm. Depending on the requested thickness and the properties of the steel 
the slabs are passed 1-7 times through the roughing mill. 

When the slabs have the right dimensions they are transported into the steckel mill area, 
which is the main process of HRM. Here the bands are passed 0-9 times depending on the 
requested thickness and steel properties. In the steckel the band is hooked onto one coiler on 
each side of the steckel itself. The band is then run though the steckel in both directions. 
During this process the slabs are kept hot by two coiler furnaces fuelled by LPG. The flue gas 
from this unit passes through burner recuperators for air preheating. Large quantities of 
electric power are also used in the steckel mill. The final step is to cool down the “black 
bands” with water, which is then cooled in a cooling tower. Some bands from HRM are sold 
directly and the rest are transported to the annealing and pickling line for further processing. 
More info about this can be found in Section 3.1. 
 

2.3 Annealing and pickling line (APL) – L76 & Z-high  

The annealing and pickling line flowsheet is shown in Figure 2.2. To create thinner bands and 
receive better surface properties than is possible at HRM the ‘black bands’ are run through 
APL to become ‘white bands’. The bands are first welded together into a continuous band and 
then annealed and pickled in what is called ‘Line 76’. In the annealing furnace the band is 
heated by WRD oil oxyfuel burners to 1200°C and then cooled with air and water. This 
reheating and cooling process is done to achieve the right mechanical properties throughout 
the whole band. The oxyfuel burners also use process steam to atomize its fuel, which is 
generated in a WRD oil steam boiler. Furthermore a catalytic NOX flue gas cleaning system is 
installed. Here WRD oil is used to generate the heat needed for reducing NOX and thereby 
cleaning the flue gas. 

During the annealing a metal oxide shell can form on the bands. This shell is broken by easy 
mechanical stress in the descaling process. To smoothen and clean the surface of the band it is 
blasted before it is transported into the pickling process. The band is first pickled in an 
electrolytic stage and then pickled with chemicals in the ‘turbo pickling stage’. Here the band 
is washed in a two-step acid treatment consisting of an acid mix of hydrofluoric and nitric 
acid. Finally the band is controlled and then put on a roll. The bands that need more 
processing to become thinner or receive other surface properties are run through the cold 
rolling mill in the ‘Z-high line’ and then annealed and pickled again in ‘Line 76’. 
Approximately one third of all products produced at Avesta Works are cold rolled. 



 

 

 

 

 

 

Figure 2.1 Simplified process flowsheet for the steel mill.
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Figure 2.2 Simplified process flowsheet for the hot rolling m
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for the hot rolling mill and the annealing and pickling line. 
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3 Possible relationships between energy consumption 

and products 

To be able to decide which process equipment to analyse in detail the annual energy 
consumption and the production methods of different processes were studied. This 
was done to find out where possible variations in the energy consumption could exist 
and if it would be possible to relate and quantify these variations to the produced 
products. In Table 3.1 and Table 3.2 electricity and fossil fuel consumption divided 
between different process equipment for 2010 can be seen.  

Table 3.1 Total electricity consumption for 2010. (Tarantino. N, 2010) 

Steel mill [MWh] 

% of 

total Hot rolling mill [MWh] 

% of 

total 

Electric arc furnace 178 477 52,0 Sub process P 2 798 0,8 

Sub process A 11 0,0 Sub process Q 841 0,2 

Sub process B 888 0,3 Sub process R 3 390 1,0 

Sub process C 1 049 0,3 Sub process S 280 0,1 

Sub process D 11 750 3,4 Sub process T 26 784 7,8 

Sub process E 4 314 1,3 Sub process U 6 245 1,8 

Sub process F 11 322 3,3 Sub process V 546 0,2 

Sub process G 10 095 2,9 Sub process X 3 807 1,1 

Sub process H 3 831 1,1 Sub process Y 1 465 0,4 

Sub process I 13 340 3,9 Sub process Z 1 384 0,4 

Sub process J 16 516 4,8 Sum 47 540 13,8 

Sub process K 1 549 0,5 APL     

Sub process L 5 396 1,6 Sub process W 1 845 0,5 

Sub process M 731 0,2 Sub process AA 2 760 0,8 

Sub process N 484 0,1 Sub process AB 1 666 0,5 

Sub process O 2 886 0,8 Sub process AC 9 961 2,9 

Sum 262 639 76,5 Sub process AD 6 634 1,9 

      Sub process AE 10 301 3,0 

      Sum 33 167 9,7 

Table 3.2 Total fossil fuel consumption for 2010. (Tarantino. N, 2010) 

LPG Steel mill [MWh] 

% of 

total LPG Hot rolling mill [MWh] 

% of 

total 

Sub process AF 10 133 4,3 Sub process X 38 964 16,6 

Sub process AG 14 758 6,3 Sub process Y 152 212 64,7 

Sub process AH 1 449 0,6 Sub process AL 10 003 4,3 

Sub process AI 4 936 2,1 Sum 201 179 85,5 

Sub process AJ 1 417 0,6 WRD-oil L76 [MWh]   

Sub process AK 1 417 0,6 Sub process AM 94128 91,2 

Sum 34 110 14,5 Sub process AN 1829 1,8 

      Sub process AO 7228 7,0 

      Sum 103 185 100,0 
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Out of the total energy use electricity and fossil fuel constitutes approximately half 
each. The LPG consumption is about 70% of the total fossil fuel consumption. All of 
the furnaces on site used to be fuelled by oil. The original walking beam furnace at 
HRM was built in 1940 and was not replaced until 1992 when the new steckel mill 
was installed. By this time LPG was a cheaper fuel and was perceived as more 
modern, with better emission characteristics than oil. The annealing furnace at L76 
was built in 1976 when oil was still the most common fuel. There have been 
discussions if the furnace should be running on LPG instead, but this change has not 
been made yet. 
 

3.1 Product flow 

The product flow at Avesta works is rather complicated since products leave the 
production process at many different places to be delivered to different ‘customers’. 
After the slabs are cast in the continuous casting they can take several ways though 
the production system. The steel that is not processed through APL is sent to 
Outokumpu’s other sites in Degerfors, Nyby - Eskilstuna, Newcastle or ‘pressplate’- 
Avesta for further processing. During 2010 a small number of slabs were sent to 
Outokumpu in Tornio. A summation of these customers can be seen in Table 3.3. The 
slabs can be sent away either directly after the continuous casting, after the hot 
grinding, after the cold grinding or after HRM. This quite complex product flow can 
be seen in Figure 3.1. 

Table 3.3 Different customers, product codes and possible treatment at HRM. 

Customer Code Treated at HRM 

Newcastle ASP no 

Degerfors HPRD - Slabs no 

Degerfors HPRD - 'run program 5' yes 

Degerfors HPRD - 'run program 2' yes 

Pressplate MPPP yes 

Nyby, Eskilstuna NYBY yes 

Tornio TORNIO no 

APL KBR yes 

The slabs that are processed at APL are always prepared at HRM first. If the slabs are 
longer than seven meters and approved after the hot grinding (HG) they are sent 
directly to HRM. If the slabs are shorter than seven meters they are instead processed 
in the cold grinding (CG), before further processing in HRM. The third alternative is 
if they are processed in HG and not approved, they are also processed in CG. 

Some of the slabs which are sent to Degerfors are delivered directly without any 
grinding treatment or processing in HRM (flow A in figure). Other slabs are treated in 
the HG only and then sent away (flow B in figure) and some are treated in both HG 
and CG and then sent away (flow C in figure). Slabs to Degerfors that are processed 
in the HRM plant can be treated in either HG or CG or in both (first flows E & F and 
then flow D in figure). In Nyby tubular products are produced and all slabs that are 
sent here from Avesta are treated in the HRM unit (flow D in figure). For products to 
both of these customers the same criteria for processing in HG and CG as above 
apply. 



 

 

 

Figure 3.1 Flow of products in the production process.

Every month about four charges are produced that are sen
these slabs are treated in HRM 
equipment applies as for all other products.

The complex production pattern 
in differences in energy consumption. The process logs were used to 
the different flows of material in each process and can be seen in 
bands go to APL (KBR) and 
(HPRD) are not hot rolled at HRM. Furthermore the amount of hot rolled bands that 
go to Nyby is higher than the amount of the same bands of the steel mill. This can be 
explained by the fact that slabs could have been produced during 2009 and then been 
rolled during 2010. 

Table 3.4 Product flows for different ‘customers’.

  
Out of steel mill 

[ton/year] 

ASP 4 522

HPRD 45 661

KBR 254 718

MPPP 1 757

NYBY 75 922

TORNIO 86

Sum 382 666

 

3.2 Oxygen usage 

Oxygen gas is used in three process parts at Avesta Works. In the EAF
coal is blown into the furnace
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Flow of products in the production process. 

Every month about four charges are produced that are sent to Newcastle. None of 
these slabs are treated in HRM and the same criteria for processing in the grinding 

as for all other products. 

complex production pattern with products to different end customers could 
energy consumption. The process logs were used to take inventory of

the different flows of material in each process and can be seen in Table 
bands go to APL (KBR) and a majority of the bands that are sent to Degerfors 

PRD) are not hot rolled at HRM. Furthermore the amount of hot rolled bands that 
go to Nyby is higher than the amount of the same bands of the steel mill. This can be 
explained by the fact that slabs could have been produced during 2009 and then been 

Product flows for different ‘customers’. 

Out of steel mill 

Into hot 

grinding 

[ton/year] 

Into hot 

rolling 

mill 

[ton/year] 

4 522 989 0 

45 661 30 649 8 049 

718 104 374 249 412 

1 757 82 1 331 

75 922 58 808 81 335 

86 0 80 

382 666 194 901 341 852 

 

Oxygen gas is used in three process parts at Avesta Works. In the EAF
furnace by lance manipulators to create slag bubbles. In the 
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PRD) are not hot rolled at HRM. Furthermore the amount of hot rolled bands that 

go to Nyby is higher than the amount of the same bands of the steel mill. This can be 
explained by the fact that slabs could have been produced during 2009 and then been 

Oxygen gas is used in three process parts at Avesta Works. In the EAF, oxygen and 
ulators to create slag bubbles. In the 
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converter oxygen gas is blown into the melt to reduce the carbon content during 
formation of carbon monoxide. At L76, oxygen is used in the oxyfuel burners of the 
annealing furnace.  

The oxygen is produced offsite by AGA Gas AB, Avesta. This production unit 
produces oxygen, nitrogen and argon by cryogenic air separation. The process 
consists of a separation column that separates the air to desirable purities. This is done 
under high pressure created by large electric compressors. The average electricity 
consumption for this process is 0.75 kWh/Nm3 (Rasmuson. A-K, 2011). 
 

3.3 Annealing and pickling line (APL) 

The end products from APL are divided into different groups depending on the 
surface properties of the band. These surface property groups are named 1,2,3,4,5,6. 
During 2010 about 97% of all bands processed were products with surfaces 1, 2 and 3. 
Based on this the other surfaces were excluded from the analysis. 

The same band can be run through the process with different treatment programs 
depending on the thickness of the incoming band or if the band is being reprocessed 
due to an unwanted product variations. The two most common and important 
programs are called GLR and GLF and constitute 95% of the runs made at L76. 
Therefore focus will be put on analyzing these two programs. GLR is a pre-treatment 
program that is used if the requested final thickness of the band is low. GLF is the 
final run where the product is finished. If the steel is cold rolled, this is done in 
between the GLR and GLF runs. 

The blasting and the pickling are not the largest energy consumers but these probably 
constitute a significant product related variations since they are not used at all for 
some products. These processes together with the difference if the steel is cold rolled 
in Z-high or not was therefore seen as the most important energy aspects of the 
process.  

The oil consumption of the annealing furnace is assumed to be dependent on the 
residence time of the bands in the furnace. Furthermore reprocessing of the bands is 
important since then the bands have to be heated more than once in the furnace. The 
oil consumption of the NOX cleaning and the steam boiler is also assumed to have 
small variations with different products.  
 

3.4 Hot rolling mill (HRM) 

The main differences between the products at HRM are the steel type and the 
dimensions of both the incoming slabs and the outgoing bands. Depending on these 
variables the slabs are processed with a different number of passes through both the 
roughing mill and the steckel mill. Furthermore, there are a few different ‘run 
programs’ through the process; 1,2,5,6. ‘Run program 1’ is the most common 
program where the slab runs through the whole process. Some slabs have dimensions 
and ‘difficult’ mechanical properties which imply that they have to be run two or in 
some special cases three times through the process. These are first run through ‘run 
program 6’ where the slabs/bands pass through the roughing mill but not the steckel 
mill. All bands are finally treated in ‘Run program 1’.   

‘Run program 5’ and ‘Run program 2’ are bands that are sent to Degerfors (HPRD). 
The ones in program 2 go through both the roughing and the steckel mill, but are cut 
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up into plates in the steckel and leave the process from the side of ‘the line’. Bands in 
program 5 are just processed in the roughing mill. Apart from these differences bands 
that are treated with programs 1 and 6 can be sent to APL or Nyby, depending on the 
type of product. Some bands in program 1 are also sent to ‘pressplate’ (MPPP). A 
summation of these run programs can be seen in Table 3.5.  

Table 3.5  Run programs at HRM. 

Run Program Customer Roughing mill Steckel mill 

1 APL, NYBY or MPPP X X 

2 Degerfors (HPRD) X X 

5 Degerfors (HPRD) X - 

6 APL or NYBY X - 
The steckel mill and the roughing mill are the two largest electricity consumers at the 
hot rolling mill. Furthermore these two process parts have a connection both to 
thickness and steel type. So focus was here set on these two processes and the number 
of passes and runs done through them.  
 

3.5 Steel mill (SM) 

In the steel mill the most important energy related difference between the products is 
the type of steel that is produced. Other factors that also have an effect on the energy 
consumption is the length of the waiting times between the different charges (batches) 
in the process and to which degree the melt in the charge is “deslagged” before 
treatment in the ladle furnace. If the slag layer is too thin the heat losses from the 
charge will be larger and if the layer is too thick further processing will consume more 
energy. 

As seen in Table 3.1 the EAF consumes 52% of all electricity at Avesta Works (68% 
of the electricity at the steel mill). Various steel types have different residence time in 
the electric arc furnace. Steel types that are ‘heavier’, high temperature resistant steel 
for example, need longer processing time since they contain a larger share of alloys 
like chromium that require more energy to melt. 

The converter does not consume a lot of electricity since the reduction of the carbon 
content is a very exothermic reaction and ‘fuels’ the process. The requested content of 
carbon and other elements in the steel affects the amount of added chemical energy 
and oxygen needed for oxidization.  

The ladle furnace might show some differences in the electricity consumption 
between different steel types. Since the ladle furnace is the final adjustment before the 
casting it is affected by what has been done earlier in the EAF and the converter and 
by the accuracy of the operator during the “deslagging process”. Therefore it is 
probably harder to relate these differences to a specific steel type. 

The difference in energy consumption between the products in the rest of the 
continuous casting is can be difficult to document except for the stirring equipment. 
But this only constitutes a small part of the total consumption. It should be noted that 
the electricity consumption of the continuous casting cooling water system is logged 
under ‘continuous casting power’ and not under ‘cooling water’. 

The use of LPG at the steel mill (except for the LPG used in the EAF) does not have a 
strong connection to the different products. The LPG is mainly used for preheating of 
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equipment like the ladle; the converter and the casting box in the continuous casting. 
The need for preheating depends on if the production is stopped due to maintenance 
or problems so it is hard to relate this use of LPG to the products.  

Especially in the EAF and the converter the addition of carbon and metals are of 
interest. The reason is that when these substances are oxidized a lot of energy is 
released to the process which substitutes heating with electricity and fossil fuel. The 
oxidization of carbon does of course also have a contribution to the CO2 emissions. 
More information about the thermo chemical reactions in the EAF and the converter 
can be found in Appendix E. 
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4 Allocation methods 

The general purpose of the allocation methods was to relate the energy consumption 
which was logged per switchgear and hour for electricity [kWh/h] or volume and hour 
for fossil fuel data [Nm3/h] to the process logs. This to be able to calculate the key 
values for the analysis and the calculation tool which is the specific energy 
consumption [kWh/ton] for each sub process. The strategy for the electricity was to 
calculate a residence time for a certain product during a certain hour in a process part 
and multiply this with the consumption of the related switchgear during this certain 
hour. Because of the difference in residence time between the different processes the 
methodologies differ from each other. 
 

4.1 Annealing and pickling line (APL) 

In the process log for L76 the time that each band is inserted into the furnace (the 
front end) was the only time information given. Therefore the exiting times of the 
bands had to be approximated. The production process is continuous, which means 
that a good approximation was that as soon as one band is exiting the furnace to enter 
the ‘line’ (all processes after the furnace) the next band is fed into the furnace. 
Thereby the exiting time from the furnace for a band could be approximated with the 
time when the next band is inserted into the furnace. Furthermore the ‘line’ is the part 
of the process that limits the production rate so the time in the furnace is set by the 
production rate of the ‘line’. Thereby the residence time on the ‘line’ could be 
approximated by the time in the furnace. This is illustrated for two bands A and B 
which are run through the annealing and pickling line in Figure 4.1. For more details 
on the calculation procedure see Appendix A.1. 

 

Figure 4.1  Residence times in the annealing and pickling line. 

The calculations for Z-high was done in a similar way as for L76. The difference was 
that the exact residence times were available in the process log and that the residence 
times were longer. The residence time for each hour was matched with the electricity 
consumption for each hour. The calculations for each band were done separately and 
then imported into the L76-calculations so that Z-high could be seen as sub process of 
APL, even though it is process of its own in reality. 

The electricity data was logged per switchgear so it was necessary to investigate 
which equipment that is connected to which switchgear. The switchgears were then 
sorted into different groups representing the process parts. Switchgears that 
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represented process equipment that are non-variable or small energy consumers were 
usually set in the group “other”. The switchgear groupings can be found in Appendix 
B. For Z-high all the switchgears were simply lumped together into one group since 
no other grouping seems to be done on site. 

The specific WRD oil consumption of the annealing furnace was logged for each 
band. So no allocation methodology had to be developed for this physical quantity. 
The oxygen consumption for the oxyfuel burners, the oil consumption for the catalytic 
NOX reduction and the steam boiler were allocated in the same way as for the 
electricity. 
 

4.2 Hot rolling mill (HRM) - Electricity 

In the process log for HRM three different times of interest could be found: The 
exiting time for the slabs from the walking beam furnaces, the time when the band 
reaches the steckel mill and the time when it is ready in the steckel mill. This made it 
possible to calculate an estimate of the residence times in the roughing mill and the 
steckel mill for each band. For the detailed calculations see Appendix A.2. 

The other process parts such as lightning and roller conveyors were harder to connect 
to a residence time in the same way so a different method was used for this 
equipment. Here all the bands that exit the furnaces at a certain hour simply shared the 
electricity consumption for this hour. This was seen as a good approximation since the 
average residence time on the whole line is 7 min and the average waiting time 
between that the band is finished and the next slab is exiting the furnace is 10 min. 
The switchgear grouping for HRM can be found in Appendix B. 
 

4.3 Walking beam furnace (WBF) - LPG 

The problem with investigating the energy variations related to product properties in 
the WBF:s compared to other process equipment was that more than one product is in 
the system at the same time. This makes the allocation of the hour logged LPG data 
more complex. Heating by convection and radiation are quite complex processes 
some simplifications had to be done. The furnaces contain several burners and 
combustion zones and the temperature profile as the slabs pass through the furnace is 
not linear. The first simplification made was that the heat absorption of each slab is 
linear during each whole hour so that the temperature increase is linear for each hour. 

It was decided that residence time of the slabs in the furnace would be a good way to 
allocate the LPG consumption. The results from these calculations were a bit strange 
since they showed that there was no clear correlation between the slab weight and 
LPG consumption as seen in Figure 4.2. The slab weight should have an influence on 
the LPG consumption since heavier slabs need to be heated more. Because of these 
results the allocation method had to be further developed. 
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Figure 4.2 LPG consumption for WBF B, based on residence time only. 

The amount of absorbed energy in the slabs can be described according to equation 
4.1. The difference in exiting temperature between the slabs is quite small (~40°C) 
compared to the actual exiting temperature (~1260°C), so the enthalpy can be seen as 
constant. Based on this the second assumption made was that the slab weight is the 
only parameter that significantly affects the energy absorption of the slabs. So the 
model was now based on residence time multiplied by slab weight. For the detailed 
calculation procedure of this model see Appendix A.3. 

( )
inout TsteelTsteelslabslab HHmQ ,, -×=D       (4.1) 

4.4 Heat balance for Walking beam furnace B 

The results from the investigation of the LPG consumption of the walking beam 
furnaces gave one result that was particularly interesting. It was the relationship 
between the production rate at HRM and the specific LPG consumption. As observed 
in Figure 4.3 the specific consumption decreases rapidly at lower production rates. At 
higher production rates the specific consumption seems to decrease slightly. It would 
have been interesting to investigate this more in detail and see if and how efficiency 
varies.  

 

Figure 4.3 Daily specific energy consumption for WBF B for different daily 

production rates.  

It was decided that a good way to investigate this was to set up a heat balance for the 
furnace. Also identification of improvements of the furnace might be possible through 
this analysis.  Data was obtained from the process log for the furnace, where airflow, 
fuel flow, cooling water flow, the O2 concentration in the flue gas and the furnace 
pressure and temperatures for all flows could be found. Unfortunately the 
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measurement of the flue gas flow had been out of order so this data was missing. 
Therefore the flue gas flow had to be calculated. Data which was logged 
approximately every second minute was gathered for April 2010. This data was then 
aggregated into daily averages for velocities and summed for e.g. fuel amount data.  
The goal was to solve the heat balance for each day based on the average values. A 
schematic of the furnace heat balance can be seen in Figure 4.4. The temperatures in 
the figure are average temperatures for April (except for combustion air and the slabs 
entering the furnace which were assumed to be equal to the air temperature outside of 
the furnace). The reference temperature of the system was set to 0°C since the data for 
the LPG was given for this temperature.  

 

Figure 4.4  Heat balance for WBF B. 

The preheating of the air in the heat exchanger was assumed to have an efficiency of 
100% so that the heat exchanger can be seen as a part of the furnace. After the air 
preheater the flue gases are cooled in a waste heat boiler (Qdh), which is connected to 
the district-heating network.  

The radiation (Qrad) and the convection (Qconv) from the outside of the furnace were 
assumed to take place from all four sides of the furnace and from the top of the 
furnace. The terms Qrad,open and Qflow,open are the radiation losses and the losses from 
air flow out of the furnace when the windows of the furnace are opened to insert or 
take out slabs from the furnace. The conduction from the furnace through the floor of 
the building was neglected. The heat balance for the whole furnace can be seen in 
equation 4.2. A description of how each of these terms was calculated can be found in 
Appendix C. 

QLPG + Ql = Qslabs + Qcw + Qg + Qdh + Qrad + Qconv + Qrad ,open + Q flow ,open + Qdiff
  (4.2) 

To evaluate the additional losses the difference in the energy balance (Qdiff) and the 
efficiency of the furnace was calculated. The difference was defined according to 
equation 4.3. Then the efficiency was calculated as the ratio between the energy added 
to the slabs and the energy going into the furnace according to equation 4.4. Note that 
the energy to the district heating is not included here. 
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4.5 Coiler furnaces - LPG 

The LPG consumption for the coiler furnaces was not logged on site at all. Instead the 
consumption was estimated from historical data before 1 Jan 2004. This estimated 
data was also only broken down into months. The consumption in the coiler furnaces 
is only 4.2% of the total LPG consumption. Based on this fact together with the low 
preciseness of the data a method similar to the one used for the electricity 
consumption in the steckel and the roughing mills was developed.  This method can 
be found in Appendix A.5. 
 

4.6 Steel mill – Electricity 
The available electricity data for the steel mill already had the switchboxes divided 
into different sub process groups so no grouping had to be done in connection to 
allocating the data.  
 

4.6.1 Electric arc furnace 

The electricity consumption of the EAF connected to the melting power was available 
directly in the process log so no allocation method had to be evaluated.  

The EAF has some side processes (auxiliaries and preheating), which are logged per 
switchgear. These were allocated to each charge in the same way as for the electricity 
at APL. The difference that a higher number unique hours were included since the 
residence time was longer. 99% of the charges processed in the EAF had a residence 
time which was ten hours or less. Therefore it was decided that electricity data for ten 
full unique hours was to be included in the analysis. The charges are processed one at 
a time so the residence times for each hour and charge were calculated and then 
connected to the electricity consumption for this hour. The details on this method can 
be found in Appendix A.6. 
 

4.6.2 Converter, ladle furnace and continuous casting 
The same procedure as for the EAF auxiliaries was used for the converter, the ladle 
furnace and continuous casting. There was one difference though, the number of 
included full unique hours. Based on statistics of the residence times for each 
processed charge it was decided that the converter needed four full hours, the ladle 
furnace four full hours and the continuous casting two full hours. 
 

4.6.3 Flue gas system 

The flue gas system at the steel mill is connected to both the EAF and the converter 
and can be seen in Figure 4.5. Flue gas leaves both processes through the roof and 
during some process steps via a direct extraction. Note that the booster fans in the 
figure belong to the EAF preheating system electricity consumption wise. The largest 
electricity consumers of the flue gas system are the fans. Therefore it was assumed 
that the share of the electricity consumption for the EAF and the converter could be 




