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Abstract 
 
The purpose of this study was to examine the effects of implementing preheated blast furnace 
gas and oxyfuel combustion in the two reheating furnaces at SSAB EMEA Oxelösund. Blast 
furnace gas is a high volume byproduct from the steel plant. Unfortunately, the gas has a low 
energy content and as a result it cannot be combusted in the furnaces without being upgraded. 
Two ways to upgrade the fuel is by implementing techniques such as fuel preheating or 
oxyfuel combustion. 
 
The study was conducted by creating a module to calculate mass and energy balance over the 
two furnaces, the boundary was set to include the furnaces and the accompanying heat 
exchangers. The study concludes with a process integration for the plant and an economic 
analysis. 
 
Operational data was collected from SSAB for the two furnaces at high, medium and low 
production rate. The collected data was used as reference cases, and the new technology was 
implemented in four new cases. Case 1 and 2 uses blast furnace gas with air or pure oxygen, 
and Case 3 and 4 uses a mix of blast furnace gas and coke oven gas with air or pure oxygen 
and air. The module is capable of calculating, among other items, fuel and combustion air 
preheating temperature, adiabatic flame temperature and combustion gas composition. 
 
The results show that the use of blast furnace gas requires quite high preheating temperatures 
to supply enough energy to the furnace. The highest preheating temperature is required when 
blast furnace gas is combusted with air. The combination of blast furnace gas and air do also 
give the lowest adiabatic flame temperature. Using oxygen instead of air raises the adiabatic 
flame temperature and lowers the required preheating temperature. Using blast furnace gas 
will also raise the percentage of radiating gases in the combustion gas, especially in 
combination when using oxygen as an oxidizer.  
 
The process integration analysis shows that a major part of the blast furnace gas is combusted 
in the power plant to produce electricity and heat for the district heating. In the year 2008 637 
TJ of EO5 was used in the furnaces, and 2618 TJ of blast furnace gas was used to produce 
electricity. Therefore, the EO5 oil can easily be replaced with blast furnace gas with the 
consequence of lower electricity production.  
 
The study has come up with two options for investments. Option 1 includes new Pebble 
Heater regenerative heat exchangers to preheat blast furnace gas. Option 2 includes the same 
as in option 1 with the addition of new heat exchangers to also preheat combustion air. The 
first investment option has a cost of 106,3 M SEK, and the second is 141,1 M SEK. The 
payback time is only calculated for option 2, which is estimated to be from 3 to 4 years.  
 
Blast furnace gas emits 307,4 tons of CO2 for every TJ of energy. That is 4-8 times higher 
Compared to both EO5 and coke oven. This is due to the large amount of CO2 that is already 
in the fuel from the blast furnace process. If the blast furnace gas were to replace the EO5 oil, 
the steel plant's CO2 emissions would decrease by 46 700 tons per year, and the electricity 
production would decrease by 58 GWh per year. 
 
The thesis is made with simplifications and assumptions for the studied systems, and do not 
include a heat transfer study. Which most likely mean that the different cases cannot produce 
the same amount of hot steel, and the suggested configurations may or may not work as 
outlined in the cases. This leads to the conclusion that they cannot be compared to each other 
but rather serve as indications that need to be verified by a heat transfer study. 
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Sammanfattning 
 
Syftet med denna studie var att undersöka effekterna av att implementera förvärmd 
masugnsgas och syrgas i de två ämnesugnarna vid SSAB EMEA Oxelösund. Masugnsgas är 
en biprodukt från stålverket som produceras i stora volymer. Gasen har tyvärr ett sådant lågt 
energiinnehåll att den inte kan förbrännas i ugnarna utan att först förbättras. Två sätt att 
förbättra bränslet är genom förvärmning eller att förbränna det tillsammans med syrgas, så 
kallad ”oxyfuel combustion”. 
  
Studien genomfördes genom att skapa en modul för att beräkna mass- och energibalans över 
de två ugnarna, och arbetets begränsningar blev att inkludera ugnarna och medföljande 
värmeväxlare. Studien avslutas med en processintegration över anläggningen och en 
ekonomisk analys. 
 
Data samlades in från SSAB och inkluderar driftsdata för de två ugnarna med hög, medel och 
låg produktionstakt. Datan användes för att modellera referensfall medan den nya tekniken 
implementerades i fyra nya körfall. I fall 1 och 2 förbränns masugnsgas med luft eller rent 
syre, i fall 3 och 4 förbränns en blandning av masugnsgas och koksgas med luft alternativt 
luft och rent syre. Modulen kan beräkna bland annat bränsle- och förbränningslufttemperatur, 
den adiabatiska flamtemperaturen samt förbränningsgasens komposition. 
 
Resultaten visar att användningen av masugnsgas kräver relativt höga 
förvärmningstemperaturer för att leverera tillräckligt med energi till ugnen. Den högsta 
förvärmningstemperaturen krävs när masugnsgas förbränns med luft. Kombinationen av 
masugnsgas och luft ger också den lägsta adiabatiska flamtemperaturen. Förbränning med 
syre istället för luft höjer den adiabatiska flamtemperaturen och sänker den erforderliga 
förvärmningstemperaturen. Användning av masugnsgas kommer även att höja andelen av 
värmeststrålande gaser i avgaserna. 
 
Processintegrationen visar att en stor del av masugnsgasen förbränns i kraftverket för att 
producera elektricitet och värme för Oxelösunds fjärrvärmenät. Under 2008 förbrukades 637 
TJ EO5 olja i ugnarna och 2618 TJ masugnsgas användes för att producera el. Därmed kan 
EO5 oljan lätt bytas ut mot masugnsgas med konsekvensen av lägre elproduktion. 
 
Investeringen är uppdelad i två alternativ. Alternativ 1 inkluderar nya ”Pebble Heater” 
värmeväxlare för förvärmning av masugnsgas, medan det andra alternativet omfattar samma 
som alternativ 1 med tillägg av nya värmeväxlare för att även förvärma förbränningsluften. 
Det första investeringsalternativet ger en kostnad på 106,3 Mkr och alternativ två uppgår till 
141,1 Mkr. Återbetalningstiden för alternativ 2 beräknas vara mellan 3 till 4 år, beroende av 
priset på syrgas. 
 
För varje förbränd TJ av masugnsgas avges 307,4 ton CO2. Jämfört med både EO5 och 
koksgas är det 4-8 gånger så mycket. Detta beror på den stora mängden CO2 som redan finns i 
bränslet från masugnsprocessen. Om masugnsgas skulle ersätta EO5 oljan, så skulle dock 
stålverkets totala CO2-utsläpp minska med 46 700 ton per år och elproduktionen skulle 
minska med 58 GWh per år. 
 
Denna rapport är gjord med förenklingar och antaganden för de studerade systemen och 
inkluderar inte en värmeöverföringsstudie. Detta innebär sannolikt att de olika fallen inte kan 
producera samma mängd stål och den föreslagna konfigurationen kanske inte fungerar som 
den beskrivs i fallen. Detta leder till slutsatsen att de inte kan jämföras med varandra utan 
snarare bör fungera som indikationer som måste verifieras av en värmeöverföringsstudie. 
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Nomenclature 
 

Quantity Symbol Unit 
Normal volume 𝑉 Nm3 
Normal volume flow 𝑉 Nm3/h (STP 0°C) 

Heat transfer rate 𝑄 W 

Area 𝐴 m2 
Heat transfer coefficient 𝑈 W/m2·K 
Temperature 𝑇 K 
Specific heat capacity 𝐶𝑝 J/kg·K 
Energy 𝐸 J 
Saturation pressure 𝑃!" Pa 
Partial pressure 𝑃! Pa 
Total pressure 𝑃!"! Pa 
Relative humidity Φ % 
Humidity ratio x kg/kg 
Specific enthalpy ℎ J/kg 
Lower heating value 𝐿𝐻𝑉 J/Nm3 

Efficiency 𝜂 % 

Enthalpy of formation ℎ! J/Nm3 
Sensible enthalpy ℎ! J/Nm3 
Latent heat L J/kg 
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2. Introduction 
2.1 Background 
 
Oxelösund is a town located close to the Swedish east coast about 120 km south of 
Stockholm. The town is known for their long tradition of steel production, starting around 
1910 when they began to produce pig iron. SSAB EMEA AB in Oxelösund is currently one 
of the largest steel plant in the country and the plant produces about 870’000 tons of pig iron 
per year. [1] The specialty of SSAB EMEA Oxelösund is to produce high strength steel that 
can be used for wear protection, armor, construction, production tools and more. One part of 
the steel process is the hot rolling mill; which is where the steel is rolled to reduce thickness 
and to increase strength. This hot rolling mill is called “Kvartoverket” and the main 
components are two reheating furnaces, an oxide cleaning facility and the hot rolling mill 
itself. When the steel slabs enter the hot rolling mill they are first heated in the reheating 
furnace up to 1150-1250°C. After being heated in the furnace, the oxide layer is removed then 
the slabs are rolled. 
 
The two reheating furnaces are large users of energy since it requires a significant amount of 
energy to heat up the massive steel slabs to the desired temperature. A large amount of heat is 
also lost to the surroundings due to the high temperature difference. One of the two fuels that 
supply the furnaces today is coke oven gas, a byproduct of the local coke plant. The 
production of coke oven gas is not enough to supply the furnaces themselves and is therefore 
combined with a second fuel, heavy oil (EO5). The coke oven gas is, however, the primary 
choice. 
 
Coke oven gas is a medium value fuel, meaning it does not contain as much energy per unit 
volume as natural gas or EO5, which are high value fuels. At the steel plant there is also 
another byproduct, called blast furnace gas, which is a low value fuel from the blast furnace. 
This gas is produced in high volumes but due to its low heating value the gas cannot be 
combusted directly in the furnaces without being upgraded. Most of the blast furnace gas is 
today combusted in the power plant together with coke oven gas to produce electricity and 
district heating. If blast furnace gas could be upgraded by technologies, such as fuel 
preheating and oxyfuel it could be used in the furnaces, allowing a reduction of the oil 
consumption. 
 
At Swerea MEFOS there is currently a project aiming to improve the combustion process of 
blast furnace gas. This thesis will contribute to the project by using a theoretical model to 
investigate the possibility to combust the low value blast furnace gas in the reheating furnaces 
by preheating the gas and combusting it with pure oxygen.  
 
The objective of this study is to calculate the mass and energy balances for the reheating 
furnaces at SSAB Oxelösund, modeling preheated blast furnace gas and oxyfuel. The specific 
objectives are: 
 
• Do a complete mass and energy balance for the two furnaces at SSAB Oxelösund 
• Include preheated blast furnace gas and oxyfuel into the calculations. 
• Do a system analysis of the two furnaces. 
• Do an economic analysis for a possible implementation. 
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3. Survey of Reheating Furnace in Steel Plants 
 

3.1 The Steel Process 
 
SSAB EMEA Oxelösund's specialty is to produce heavy plate steel, which is robust and thick 
steel used in applications as truck beds, industry tools, construction equipment and more. 
Some of SSAB's brands are Weldox, Armox, Toolox, and Hardox. 
 
The steel is produced on site in a process starting with the coke oven plant. In the coke oven 
plant, coal is heated in a closed environment, to produce coke together with the byproduct 
coke oven gas (COG), see Figure 1. The coke oven gas is then recycled and used as fuel in 
other applications. When the cake is ready, it is poured into the blast furnace together with 
iron ore, limestone, and other additives, see Figure 2. The blast furnace does also produce a 
byproduct, called blast furnace gas, which is recycled and used as fuel for other applications. 
 
 

  
Figure 1. Coking plant [2].    Figure 2. Blast furnace [2]. 

 
When the hot metal is ready, it is poured out from the blast furnace into a torpedo car that 
transports the hot metal to the steelworks where the metal is being treated. One step in the 
steelwork is the Basic Oxygen Furnace, also called LD-converter. In this stage, the metal is 
charged together with cooling scrap and oxygen, see Figure 3. This step lowers the carbon 
content, which converts the metal into steel. The LD process produces a byproduct gas called 
LD gas. Currently, this gas is not recycled. 
 

 
Figure 3. LD-Converter [2]. 

When the steel has the right composition it is casted into slabs in a continuous process, see 
Figure 4. 
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Figure 4. Casting steel into slabs [2]. 

The last step is to bring the slabs to the hot rolling mill where they are put through the 
reheating furnace to increase the temperature up to 1150-1250°C. When the slabs go through 
the furnace, an oxide scale is formed on the surfaces. When the slabs have exit the furnace, 
the layer is removed. The last step is to roll the steel back and forth and cut it into smaller 
pieces, see Figure 5. 
 

 
Figure 5. Hot rolling mill [2]. 

3.2 Reheating Furnaces 
 
The reheating furnaces are a part of the hot rolling mill where the steel slabs reheats before 
entering the hot rolling. Reheating can be either a continuous process where the slabs charges 
at one end of the furnace, travel through the furnace, and discharges at the other end. It can 
also be a batch process where the slabs remain in a fixed position until they reach the 
discharging temperature. This study will only focus on the continuous type since it is the most 
common in larger steel industries today. The charging temperatures are usually between room 
temperature and 800°C, and the discharging temperatures are between 1150-1250°C. The fuel 
used to heat the slabs is normally gaseous or liquid, but there are also solid, coal-fired 
furnaces. The production in reheating furnaces in Sweden usually ranges between 10-300 
tons/hour [3]. 
 

3.3 Continuous Furnaces 
 
Continuous reheating furnaces are primarily categorized by which type of method is used to 
transport the slabs through the furnace. There are mainly two ways to move the slabs. The 
first is by putting the slabs together and push them inline through the furnace; this is called a 
pusher furnace. The second method is to put the slabs on a moving hearth or supporting 
structure that moves the slabs through the furnace; the last five types in the list below 
represents these furnaces. 
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Other types of reheating furnaces [14]: 
• Pusher furnace 
• Rotary hearth furnace 
• Walking beam furnace 
• Walking hearth furnace 
• Roller-hearth furnace 
• Recirculating Bogie type furnace 

1.1.1 Pusher Furnace 
 
In a pusher furnace, the slabs are charged at one end or through a side door, and then pushed 
through the furnace to the discharging end. The slabs are pushed with a hydraulic piston, and 
it is necessary to charge one slab in order to discharge another one. 
The advantages of using the push method are [5]: 

• Lower installation and maintenance cost compared to walking beam/hearth. 
• If the furnace is equipped with water-cooled skids, it is possible to have burners both 

below and above the slabs. 
Disadvantages: 

• Skid marks on the slabs. 
• Higher heat losses due to the cooling of the skids. 
• It is not possible to discharge a slab without charging another slab. 
• Size limitations due to friction and risk of pile-ups. 

 
Figure 6. Pusher furnace [4]. 

3.3.1 Rotary Hearth Furnace 
 
The rotary hearth furnace has stationary walls and roof while the hearth is rotating. The 
picture below shows how the slabs are charged and discharged from the furnace. 
Advantages: 

• Small amount of energy required to move the slabs forward compared to a regular 
continuous furnace. 

Disadvantages: 
• High capital cost per production unit and small hearth area. 



 12 

 
Figure 7. Rotary hearth furnace [7]. 

3.3.2 Walking Beam Furnace 
 
Walking beam furnaces have walking beams that lift the slabs from the stationary beams, 
move them forward and then lowers so that the slabs again rests on the stationary beams. 
While the slabs are resting on the stationary beams, the walking beam moves backward 
underneath the slabs to the home position to perform another step. Figure 8 shows an overall 
view of the furnace where one can see the slabs resting on the stationary and moving beams. 
Figure 9 displays the furnace from the short side where (22) is a slab, (5) is a column for 
stationary beams, and (7) represents columns for the walking beam. 
This furnace have several of advantages, some of them are: 

• No skid marks and minimized wear. 
• Easy to empty the furnace compared with the pusher type. 
• Reduced risk of pile-ups. 

The disadvantages are: 
• A complex beam mechanism.  
• Higher investment and maintenance costs compared to a pusher type furnace. 
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Figure 8. Walking beam furnace [5]. 

 

 
Figure 9. Walking beam furnace from charging side [8]. 

 

3.3.3 Walking Hearth Furnace 
 
The mechanism, to advance the slabs in the walking hearth furnace, is almost identical to the 
walking beam furnace. The major difference is that the slabs are resting on the hearth instead 
of stationary elevated beams. As a result, burners cannot be installed below the slabs; instead 
they have to be located above the slabs. This furnace has about the same advantages and 
disadvantages as the walking beam furnace [15]. Figure 10 shows a walking hearth furnace 
including the fixed hearth, walking beams and slabs. 
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Figure 10. Walking hearth furnace [5]. 

3.3.4 Rolling-Hearth Furnace 
 
The rolling-hearth furnace has rotating rolls immersed in the hearth that advances the slabs 
forward towards the discharging end. Figure 11 shows the furnace from the 
charging/discharging end and the side, where (21) points to the roller and (20) points to the 
slab. Water pumps through the rolls for cooling. 
Advantages: 

• It can handle very long slabs while they at the same time do not suffer from any 
significant wear or skid marks.  

Disadvantages: 
• Heat losses due to cooling of the rollers.  
• It has to be longer compared to a pusher furnace with the same capacity, which leads 

to a higher initial cost. 
 

 
Figure 11. Roller-hearth [9]. 
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3.3.5 Recirculating Bogie Type Furnace 
 
This kind of furnace is used especially when steel of smaller pieces, variable size and 
geometry are heated. The slabs are placed on a bogie that travels through the furnace on the 
refractory hearth.  
Advantages: 

• Minimized skid marks and wear. 
Disadvantages: 

• Heat losses between the bogie and wall together with difficulties firing across the 
narrow hearth width [5]. 

 
Figure 12. Bogie type furnace [5]. 

 

3.4 Zones in Pusher Furnaces 
 
Reheating furnaces have three main heating zones. The first zone is the preheating zone 
where the slabs enter the furnace. In this zone, there are no burners; the slabs are instead 
heated by combustion gas passing through the zone. The second zone is the heating zone, 
where the surface of the slabs is heated to the desired temperature. The third and the last zone 
is the soaking zone. In this zone, the slabs are heated to achieve a more homogeneous 
temperature through the material before discharging. Figure 13 shows the furnace and its 
zones where the slabs enter from the left and travels towards the right. 
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Figure 13. The three zones of a pusher furnace. Slabs enter from the left and exits to the right. 

 

3.5 Heat Transfer in Furnaces 
 
There are three ways to transport heat: by conduction, convection, and radiation. In a 
reheating furnace, there are mainly two ways to transported heat to the slabs. The first is by 
radiation; the radiation arises from the hot flame, combustion gas and surroundings such as 
walls and roof. The second way is by convection, which is due to hot combustion gas passing 
the slabs. Because of the high temperature in the furnace the dominant heat transfer is 
radiation from the walls [5] [6] and from the tri-atomic components in the combustion gas. 
Most notably this is an important part of the heat transfer when using pure oxygen as the 
oxidizer. 
 

3.6 Burners 
 
The purpose of a burner is to ignite and inject fuel and oxidizer into the furnace and at the 
same time mix them in an optimized way with regards to the fuel and oxidizer properties. The 
design of the burner depends on the type of fuel is used and also if the fuel is liquid or 
gaseous. The design also depends on whether the oxidizer is air or pure oxygen. 
 

3.6.1 Gas Burner 
 
A gas burner mixes the gas with the oxidizer. Figure 14 shows a old type of gas burner where 
the gas enters from below and is regulated by a throttle before it mixes with the air and flows 
out to the right. 

 
Figure 14. Gas burner [10]. 



 17 

 

3.6.2 Oil Burner 
 
The oil burner is used to burn liquid fuels. A significant feature of the oil burner is to atomize 
the oil into small droplets to create the right mix of the oil and the oxidizer. The ability to 
atomize the oil depends on the oils viscosity, thick oil is, therefore, often preheated to 
increase its temperature and thereby lower the viscosity. Figure 15 shows an oil burner where 
the air enters from the top and the oil enters from the left, through the oil gun. The oil and the 
air are then mixed and combusted to the right. 
 

 
Figure 15. Oil burner [11]. 

 

3.6.3 Dual fuel burner 
 
A dual burner is capable of combusting both liquid and gaseous fuels. Figure 16 shows a dual 
burner where the oil enters from the center (oil jet) and the gas enters from between the oil jet 
and the air inlet (gas ports). 
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Figure 16. Dual burner [10]. 

 

3.6.4 Oxyfuel burner 
 
The oxyfuel burner is designed to use pure oxygen instead of air. The ratio of fuel and 
oxidizer is, therefore, different from a regular burner. The major advantages of using the 
oxyfuel technology are the ability to increase heat transfer, decrease NOx emissions and to 
increase thermal efficiency. By increasing the heat transfer and the thermal efficiency, the 
production rate can be increased up to 36% using the same furnace. [17] [19]  
 

3.6.5 Flameless Burner 
 
The latest in burner technology is the flameless burner. The technique is to inject the fuel and 
oxidizer with a slight distance between them, thus letting them mix further away from the 
burner than usual. This method prevents a typical flame with a center temperature peak to 
occur, and the flame gets a more uniform temperature distribution. The primary benefit of this 
technology is minimized NOx and CO emissions. Figure 17 shows a regular burner to the left 
and a flameless burner to the right. One can see that the flameless flame is more uniform than 
the regular flame [18]. This technology has been the implemented both for air and oxygen 
burners.   
 



 19 

 
Figure 17. Flame and flameless burner [12]. 

 

3.7 Heat Exchangers 
 
The heat exchanger (HEX) is used to transfer heat from a hot stream to a cold stream. At 
SSAB Oxelösund, there are two recuperative heat exchangers installed. These recuperators 
are of the continuous counter-flow type. There is one recuperator for each furnace, and its 
function is to transfer heat from the hot flue gasses to the cold combustion air. The heat 
exchangers have gauges installed before and after the heat exchanger for both the hot and 
cold stream to measure the temperatures continuously. 
 

3.7.1 Recuperative Heat Exchanger 
 
A recuperator is a continuous flow heat exchanger that is designed for counter-flow. Figure 
18 shows a cross-flow recuperator, where T(h, in) and T(h, out) represents the hot flue gas 
stream. Moreover, T(c, in) and T(c, out) represents the cold combustion air stream. 
 
 

 
Figure 18. Counter-flow recuperator. Heat is transferred from the hot to the cold stream. 

 
A disadvantage of regular recuperators is the problem for the material to handle hot gasses 
that are rich in carbon along with temperatures above 400°C. The alloy, which is in contact 
with the gas, suffers a thinning process and forms metal powder together with carbon 
filaments formation [20]. This is important in this study because blast furnace gas has high 
carbon content and requires to be heated to high temperatures. There are different ways to 
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solve this problem; one is to put a coating on the recuperators affected parts. Another is to 
replace the recuperator with a regenerative pebble heater that uses ceramic pebbles to transfer 
heat instead of sensitive alloy. 
 

3.7.2 Regenerative Heat Exchanger 
 
To work continuously the regenerative HEX usually operates in pairs. However, there is also 
rotating types that can work alone; these are often common in ventilation systems. A 
regenerative HEX stores and emits heat in cycles compared to the recuperative HEX, which 
transfer heat continuously. Figure 19 shows two operating regenerative heat exchangers and 
the working cycle describes below:  

-‐ The first HEX (to the left) charges with the hot stream and stores heat. The second 
HEX (to the right) is at the same time discharging stored heat into the cold stream.  

-‐ When the first HEX (to the left) is fully charged the flows switches.  
-‐ The first HEX is now discharging heat while the second HEX is charging, and stores 

heat.  
-‐ When the second is fully charged, the process starts over. 

 
The heat storage of the pebble heat exchanger, which is called "Pebble bed" in the picture, is 
ceramic round pebbles that stores heat and allows the flow to pass through them. 
 

 
Figure 19. A pair of regenerative heat exchangers. The left one is charging, and the right one is discharging. 

 

3.7.3 Recuperative/Regenerative Burners 
 
A third option to recover heat, from the furnace, is by using burners with built-in heat 
exchangers. Those can be either recuperative or regenerative and works much like the heat 
exchangers described above. The major difference is that the burner extracts the hot 
combustion gas to preheat the fuel or oxidizer before it enters the furnace. 
 
Figure 20 shows a recuperative burner inserting fuel and oxidizer into the furnace and at the 
same time extracting hot combustion gas. This process transfers heat from the combustion gas 
to the oxidizer and fuel continuously. An advantage of the regenerative & recuperative 
burners is that they perform well and have less heat loss compared to a regular heat 
exchanger. The disadvantage is that many furnaces are designed to let the combustion gas 
travel a particular path before extraction. 
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Figure 20. Recuperative burner [13]. 
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3.8 Fuels and Oxidizers 
 
At SSAB Oxelösund, there are two types of fuel used at the hot rolling mill; those are Coke 
Oven Gas (COG) and EO5 oil. The coke oven gas is a byproduct from the coke plant where 
coke is dry-distillated in the absence of oxygen. EO5 is heavy oil purchased to cover up for 
the insufficient amount of COG. A third fuel possible to use is Blast Furnace Gas (BFG), 
which generates from the blast furnace. Today the blast furnace gas is mostly used to produce 
process steam, district heating, electricity, and hot blast to the blast furnace. There is also 
some BFG going to the coking plant. However, this is not shown in the figure below. The 
oxidizer used in the hot rolling mill is preheated ambient air and Figure 21 show a view over 
the fuels that are used at SSAB Oxelösund site. 
 
 

 
Figure 21. Site overview of fuels. 

 
There are no pipelines to deliver BFG and oxygen to the rolling mill. Figure 22 shows an 
outline of the desired fuel and oxidizer supply to the rolling mill. In this picture, the BFG and 
oxygen are supplied to the rolling mill and the EO5 oil will be replaced.  
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Figure 22. Overview of fuels at SSAB Oxelösund including BFG and oxygen. 

 

3.9 Reheating Furnaces at SSAB Oxelösund 
 
The arrangement at SSAB Oxelösund consists of two reheating furnaces where each furnace 
is equipped with a recuperative heat exchanger. Furnace 1 was made in 1960 by Ugnsbolaget 
and Furnace 2 was made in 1965 by Didier. Both furnaces have an installed power of 50 MW, 
but the maximum use of the power is about 30-35 MW. The two furnaces have a different set 
up of the burner arrangement. Furnace 1 has six zones with a total of 34 burners while 
Furnace 2 has three zones with a total of 17 burners. The burner arrangement can be seen in 
Figure 23 and Figure 24. For Furnace 1, zone 1-3 has dual fuel burners, zone 4-5 has oil 
burners and zone 6 has gas burners. For Furnace 2, all zones are using dual burners. 
 

 
Figure 23. Furnace 1 at SSAB Oxelösund. 
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Figure 24. Furnace 2 at SSAB Oxelösund. 
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4. Methodology 
 

4.1 Reheating Furnace Model 
 
The main part of this study was to develop a model for more thorough examination of the 
furnaces and investigating the new technologies. The model developed is a mass and energy 
balance over the furnace. The model is made in Microsoft Excel, which makes it easy to 
understand and be used by more potential users. More descriptions of the model are found in 
the following sections. In cases where several similar calculations are performed, only one of 
them will be presented. 
 

4.2 Steel Slabs 
 
The material, which heats in the furnace, is different type of steel slabs. Both the composition 
and size of the steel differs depending on the customer's request. All steel slabs are heated to 
about 1150-1250°C before they are discharged from the furnace. The energy required heating 
the slabs from the initial temperature to 1150-1250°C depends on the specific heat capacity 
for the material and heat transfer to the slabs. In this study, it is assumed that the heat transfer 
is the same for all fuels. A second assumption is that the slab initial temperature is 25°C since 
the slabs usually are retrieved from a storeroom and not direct from the steel casting. SSAB 
has provided specific heat capacity for an average steel slab, which is shown in Table 1 and 
Figure 23 [34]. 
 
Table 1. Specific heat capacity of steel produced at SSAB Oxelösund. 

 Temp (°C) Specific heat capacity 
(J/kg·K) 

0 448 
50 467 
100 488 
150 507 
200 522 
250 536 
300 557 
350 582 
400 601 
450 632 
500 676 
550 716 
600 754 
650 798 
700 825 
750 1221 
800 1250 
850 735 
900 591 
950 599 
1000 605 
1050 611 
1100 620 
1150 630 
1200 639 

Figure 25. Specific heat capacity of steel produced at SSAB 
Oxelösund. 



 26 

 
 
As seen in Figure 25 the specific heat capacity (𝐶!) has a slight increase in the intervals 
between 0-700°C and 900-1200°C. The range 700-900°C, on the other hand, have a 
considerable elevation with an increase at first and then a decrease. The higher value of 
specific heat capacity the more energy is required to raise the temperature of the steel. The 
average specific heat capacity is 
𝐶𝑝  𝑎𝑣𝑒𝑟𝑎𝑔𝑒 = !"!

!"
!"
!!! = 675  𝐽/𝑘𝑔 · K, (1) 

where T is the temperature values from 0-1200°C.  
 

4.2.1 Oxide Formation 
 
During heating, there will arise oxide scale formation at the surface of the slab. The oxide 
scale process occurs when iron exposes to oxygen at high temperature, this forms different 
types of iron oxide with the majority of Fe+O2=FeO2. The amount of scale formation depends 
on factors as the level of H2O and the local temperature [21]. This process causes a material 
yield loss of up to 2% of the slabs mass and a deterioration of quality at the surface [22]. The 
reaction is exothermic, which releases heat to the environment, and is equal to 4985 kJ/(kg-
oxide formation) [31]. 
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4.3 Combustion 
 

4.3.1 Stoichiometric Calculations 
 
Stoichiometric calculations are performed to calculate how much combustion air or pure 
oxygen that is required theoretically to combust the fuel that injects into the furnace.  
 

4.3.1.1 Mass Balance 
 
In order to find the amount of oxygen required to fully combust 1 mole of fuel, a mass 
balance is set up. Before doing the mass balance, there have to be some assumptions. Firstly, 
all elements will only react with oxygen and not with other elements. Secondly, all elements 
will be fully oxidized to the products shown in equation (2). This assumption is valid for 
combustion temperatures up to about 1500K, beyond this temperature the combustion 
products will gradually change into other elements as CO, NO, O2. For an example, CO2 at 1 
atm and 1500K has a dissociation of 0%. If the temperature increases to 2000K the 
dissociation increases to 2,2% and at 2500K, the dissociation is elevated to 18,2% [24]. 
The maximum temperature in the furnace will be above 1500K, and some amount of 
dissociation will occur but due to the complexity of calculating with dissociation this will be 
disregarded. Thirdly, the mass of each element has to be the same before and after the 
reaction. Equations (3)-(10) show the mass balance for each element in the coke oven gas 
[25]. 
 
The elements in coke oven gas can be seen in Table 2. 
 
Table 2. Composition of coke oven gas in volume percent. SSAB Oxelösund, March 2014. 

 CO (%) CO2 (%) H2 (%) CH4 (%) C2H4 (%) O2 (%) N2 (%) H2O (%) 
COG 5 1 58 26 3 0 5 2 
 
With the assumptions above, the mass balance can be described as 
 
𝐶!𝐻!𝑂!𝑁!𝑆! + 𝑢!𝑂! + 3,76𝑢!𝑁! → 𝑎𝐶𝑂! + 𝑏𝐻!𝑂 + 𝑐𝑆𝑂! + 𝑑𝑁!, (2) 

where the first term on the left-hand side represents the fuel and the second and third 
represents the air. On the right-hand side, the terms represent the products, i.e. the combustion 
gas.  
 
In equation (2) the carbon balance (C) is  
𝑥 = 𝑎 = 0,05 𝐶𝑂 + 0,01 𝐶𝑂2 + 0,26 𝐶𝐻! + 2 ∙ 0,03 𝐶!𝐻! = 0,38  mol, (3) 

hydrogen balance (H) is 
𝑦 = 2𝑏 = 2 ∙ 0,58 𝐻! + 4 ∙ 0,26 𝐶𝐻! + 
4 ∙ 0,03 𝐶!𝐻! + 2 ∙ 0,02 𝐻!𝑂 = 2,36  mol,  
 

(4) 

nitrogen balance (N) is 
𝑟 = 2 ∙ 0,05 𝑁! = 0,1  mol (5) 

𝑑 = 3,76 · 𝑢! + 0,5𝑟, (6) 

sulfur balance (S) is 
𝑡 = 𝑐 = 0  mol (7) 

and oxygen balance (O2) is 
𝑧 = 0,5 ∙ 0,05 𝐶𝑂 + 0,01 𝐶𝑂! + 0,5 ∙ 0,02 𝐻!𝑂 = 0,045  mol (8) 
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𝑢! = 𝑎 + 0,5𝑏 + 𝑐 − 𝑧 (9) 

𝑢! = 0,38 + 0,59 + 0 − 0,045 = 0,925  mol. (10) 

The amount of oxygen required to fully combust 1 mole of COG is 0,925 mol. The product in 
the combustion gas contains 
 
𝑎 = 0,38  mol 
carbon dioxide (CO2), 

(11) 

𝑏 = 1,18  mol 
water (H2O), 

(12) 

𝑐 = 0  mol 
sulfur dioxide (SO2) and 

(13) 

𝑑 = 3,528  mol 
nitrogen (N2). 
 
Since there is no sulfur in the fuel, there will be no sulfur dioxide in the product. This 
calculation is also done for the blast furnace gas and EO5 oil. 

(14) 

 

4.3.2 Air 
 
Air contains mainly of oxygen and nitrogen with proportions of 3,76 moles of nitrogen and 1 
mole of oxygen. The amount of air required to fully combust the fuel is 
 
𝑢! ∙ 4,76 = 4,403  mol. (15) 

Both the fuel and the air can be considered as an ideal gas; therefore 1-kilo mole of gas equals 
a constant volume 
 
1  kmole = 22,7 ∗ 10!!  Nm!. (16) 

Knowing this, one can calculate the volume of the air required to combust 1 Nm3 of fuel. 
Combining the equation 
 
(1  mol, 𝑎𝑖𝑟)/(1  mol, 𝑓𝑢𝑒𝑙) = (1  Nm!, 𝑎𝑖𝑟)/(1  Nm!, 𝑓𝑢𝑒𝑙) (17) 

and equation (15) gives 
 
(4,403  mol, 𝑎𝑖𝑟)/(1  mol,𝐶𝑂𝐺  𝑓𝑢𝑒𝑙) = (4,403  Nm!, 𝑎𝑖𝑟)/(1  Nm!,𝐶𝑂𝐺  𝑓𝑢𝑒𝑙). (18) 

The result shows that it is required 4,404 Nm3 air or 0,925 Nm3 of oxygen to combust 1 Nm3 
of coke oven gas. 
 

4.3.3 Air Factor 
 
In reality, there is no perfect mixing of fuel and oxidizer, which is why the combustion will 
require a slightly higher amount of oxygen to ensure that all the fuel elements will react with 
an oxygen molecule. This is rectified by multiplying the amount of required air with a factor 
that is commonly between 1,05-1,2 but can be as much as 2,0 in some cases when the 
combustion process is handled manually [25]. For all cases in this study, except in the 
reference cases, the air factor will be set to 1,05 when a fuel is combusted with pure oxygen 
and to 1,1 using air. 
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4.3.4 Adiabatic Flame Temperature 
 
In an adiabatic combustion with no shaft work, the temperature of the product is called the 
adiabatic flame temperature. This is the maximum temperature that can be achieved for given 
reactants [23]. Adiabatic flame temperature is useful to compare different types of 
combustion parameters. These parameters can be the kind of fuel, temperature of fuel and 
oxidizer, and the air factor. The adiabatic flame temperature shows the average temperature in 
the flame and gives an approximate maximum temperature in the chamber. As written in 
section 4.3.1.1, there is dissociation occurring at high temperatures. Dissociation will 
however not be included in the calculations because of the complexity when there are several 
different fuel components involved, together with the fact that the temperatures do not reach 
the temperatures with extremely high dissociation.  
 
The adiabatic flame temperature without dissociation is calculated with the energy balance 
 
𝐸!"#$%#&%' = 𝐸!"#$%&'(, (19) 

 
where the reference temperature is set to 298 K [24]. 
 

4.3.4.1 Reactants 
 
The energy in reactants consists of enthalpy of formation and sensible enthalpy: 
 
𝐸!"#$%#&%' = ℎ!,!"#$ ∙ 𝑉!"#$ + 𝛥ℎ!,!"#$!!"# ∙ 𝑉!"#$!!"#. (20) 

 
When fuel is combusted with oxygen there is heat released. This heat is called formation heat 
or formation enthalpy (ℎ!) and is referred to as the fuel's heating value (LHV). The heating 
value is most commonly found in the form [MJ/kg] and is converted to [MJ/Nm3] by 
multiplication with the fuel density. The heating value of the fuel can be found in section 4.4. 
The formation enthalpy is then calculated with the volume flow to get the energy. 
 
The sensible enthalpy 
 
ℎ! = 𝐶𝑝 ∙ ∆𝑇 (21) 

shows how much heat that is required to increase the temperature of a substance. This is 
calculated using the specific heat capacity (𝐶!) and the temperature difference (∆𝑇). 
Depending on the data that have been available for this study the sensible heat was calculated 
in different ways, this is described in two sections below. 
 

4.3.4.2 Blast Furnace Gas 
 
The sensible heat (ℎ!) for BFG is calculated using sensible heat data in the form [kJ/mole] 
for each component in the fuel. It is then converted to the unit [kJ/Nm3]. The temperature for 
the sensible heat is chosen at the point right before the fuel is injected into the furnace. The 
sensible energy 
 
𝐸!,!"#$ = ℎ! ∙ 𝑉!"#$ (22) 

is calculated using the sensible heat and the volume flow of the gas. 
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4.3.4.3 Coke Oven Gas and EO5 
 
Due to the lack of sensible enthalpy data for COG and EO5 the sensible energy  
 
𝐸!,!"#$ = 𝐶𝑝!"#$ ∙ (𝑇!"#$ − 𝑇!"#) ∙ 𝑉!"#$ (23) 

is calculated using the specific heat capacity (𝐶!) for the fuel. 
 
The specific heat is chosen at the temperature (𝑇!"#$ + 𝑇!"#)/2 where (𝑇!"#$) is the 
temperature of the incoming fuel and (𝑇!"#) is the reference temperature of 298K. Neither 
COG nor EO5 is heated in the process, but EO5 is preheated before it reaches the furnace to 
enhance the pumping ability. 
 

4.3.4.4 Oxidizer 
 
The oxidizer does not include formation heat (ℎ!) but do include sensible heat (ℎ!) that 
depends on the temperature. In this study, the pure oxygen has a temperature of 25°C and is 
never preheated. The combustion air is, however, always preheated except for the reference 
case in Furnace 1 (zone 6), where some of the air enters without being preheated. The 
sensible heat of the oxidizers is calculated, in the same way, as the BFG above with tables of 
sensible heat for the components 21% (1/4,76) oxygen and 79% (1-1/4,76) nitrogen. 
 

4.3.5 Products 
 
The energy of the products is summed 
 
𝐸!"#$%&'( = ℎ!,!"#$!"#"$ ∙ 𝑉!"#$"%&%', (24) 

 
where the components are CO2, H2O, N2, O2, and SO2. SO2 is only present when EO5 is 
combusted due to 0,4% sulfur in the oil.  
 
The adiabatic flame temperature is then calculated, in an iteration process, to set the product 
energy equal to the reactants energy. 
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4.4 Fuels 
 
The fuels included in this study are coke oven gas (COG), heavy oil (EO5) and blast furnace 
gas (BFG). This section shows the composition and heating value of the fuels.  
 

4.4.1 Heating Value 
 
The heating value can be specified in either lower heating value (LHV) or higher heating 
value (HHV). The higher heating value can be used if the water in the combustion products is 
condensed and adds energy to the application. In this case, the LHV will be used because the 
water vapor will leave the system in gaseous form. Not all components in the fuel react with 
oxygen and releases heat. The components with reactions are shown in the tables below. 
 
Table 3. Lower heating value of gaseous components [26]. 

Component Symbol Lower heating value (MJ/Nm3) 
Carbon monoxide CO 12,63 
Hydrogen H2

 10,78 
Methane CH4

 35,81 
Ethylene C2H4

 59,20 
 
The lower heating value of gasses is shown in Table 3 [26]. 
 
Table 4. Lower heating value for liquid components [27]. 

Component Symbol Lower heating value (MJ/kg)* 
Carbon C 32,8 
Hydrogen H 121 
Sulfur S 9,2 
 
The heating value for the components in the oil can be seen in Table 4 [27]. 
*The table shows LHV of pure liquid substances. When the components are mixed into fuels, 
as EO5 oil, the free net energy will be lower due to energy required to break molecule bonds. 
This is not considered in the calculations of the study. 
 

4.4.2 Coke Oven Gas (COG) 
 
The Coke oven gas is a medium value fuel with a lower heating value of around 16-20 
MJ/Nm3. This gas is produced during the process of making metallurgical coke in the steel 
plant. The gas is a rest product and a result by heating bituminous coal to temperatures of 
900°C to 1000°C in a closed chamber with excess of air. The typical composition of coke 
oven gas depends on the process, but a typical mixture can be seen in Table 5. The calculated 
lower heating value is 18,0 MJ/Nm3, and the density is 0,48 kg/Nm3. 
 
Table 5. Coke oven gas composition, SSAB Oxelösund, March 2014. 

Component Symbol Volume percent 
Carbon monoxide CO 5 
Carbon dioxide CO2

 1 
Hydrogen H2

 58 
Methane CH4

 26 
Hydrocarbons C2H4 3 
Oxygen O2

 0 
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Nitrogen N2
 5 

Water H2O 2 
 

4.4.3 Heavy Oil (EO5) “Eldningsolja 5” 
 
EO5 oil is high-value oil that is purchased and delivered by boat to SSAB Oxelösund. It is 
used as a complement to the coke oven gas. The oil is necessary because the production of 
COG is not enough to supply the whole steel plant with energy. The heavy oil is highly 
viscous and cannot easily be pumped under normal conditions, because of that it needs to be 
heated before it can be pumped. In this case, the oil is heated to about 110-115°C. The typical 
composition of EO5 can be seen in the table below. The calculated heating value is 43,5 
MJ/kg, which is equal to the fuel data supplied by SSAB Oxelösund [34]. The density of the 
oil is 920 kg/m3. 
 
Table 6. EO5 composition, SSAB Oxelösund, March 2014. 

Component Symbol Volume percent 
Carbon C 85,5 
Hydrogen H 12,5 
Oxygen O 0,3 
Nitrogen N 0,3 
Sulfur S 0,4 
Water H2O 1,0 
Ash - 0,01 
 

4.4.4 Blast Furnace Gas (BFG) 
 
Blast furnace gas is a low-value fuel and is a byproduct produced in the blast furnace. The 
heating value of BFG is around 3 MJ/Nm3 and is too low to be combusted without being 
upgraded [28]. But if BFG is mixed with COG, preheated or oxidized with pure oxygen 
instead of air it is possible to provide enough amount of heat. A typical composition of the 
gas can be seen in the table below. The calculated heating value is 2,7 MJ/Nm3, and the 
density is 1,4 kg/Nm3. 
 
Table 7. Blast furnace gas composition, SSAB Oxelösund, March 2014. 

Component Symbol Volume percent 
Carbon monoxide CO 19,9 
Carbon dioxide CO2

 22,7 
Hydrogen H2

 2,1 
Nitrogen N2

 52,3 
Water H2O 3,0 
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4.5 Combustion Air 
 
The oxidizer for the current system is air that contains mainly of 21% oxygen and 79% 
nitrogen. The air is extracted from the hall where the furnaces are operating. Heat loss from 
the furnaces increases the air input temperature to about 30°C before it enters the HEX. 
Before the air reaches the furnace it is preheated in a heat exchanger, except for zone 6 in 
Furnace 1 (Figure 23), where the air enters cold. The air is preheated to increase the thermal 
efficiency, which leads to less fuel consumption and a possibly increased production rate.  
 

4.5.1 Humidity 
 
The combustion air is not dry and does contain some water vapor. Humidity in air is usually 
expressed as relative humidity. How much water vapor, which the air may hold, depends on 
the outdoor temperature. The humidity in Oxelösund has an average of 79% over the last five 
years according to WolframAlpha. The picture below shows the humidity in Oxelösund for 
the years 2009-2013. The humidity changes over the year but the average value of 79% will 
be used in all calculations as a simplification. 
 

 
Figure 26. Relative humidity in Oxelösund 2009-2014 [29]. 

 
Air enters the system with a temperature dependent on the season and outdoor temperature. 
The mean temperature in Oxelösund can be divided into three annual sections; summer, 
winter and spring/autumn. The temperatures in Table 8 represents mean temperatures in 
Oxelösund from 2009-2013. December to February represents winter, March to May and 
September to November represents spring/autumn, June to August represents summer. 
 
Table 8. Temperature in Oxelösund 2009-2014 [29]. 

Year Temp (°C) 
Winter 
(Dec-Feb) 

Temp (°C) 
Summer 
(Jun-Aug) 

Temp (°C) 
Spring 
(Mar-May) 

Temp (°C) 
Autumn 
(Sep-Nov) 

2009 -1 16 6 8 
2010 -6 17 5 5 
2011 -5 17 7 9 
2012 -1 15 7 7 
2013 -3 17 4 8 
Mean -3,2  16,4 6,6 
 
When the relative moisture and outdoor temperature is known, the actual water content in the 
air can be calculated. The amount of water depends on the partial pressure of the water vapor 
and total pressure of the air. The maximum vapor pressure, which the air can contain at a 
particular temperature, is called saturated pressure. The table below shows the saturated 
pressure of water vapor at different temperatures. 
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Table 9. Water saturation pressure at specific temperatures. 

Temperature [°C] Water Saturation Pressure (Pws) [kPa] 
0 0,6105 
5 0,8722 
10 1,228 
20 2,338 
30 4,243 
40 7,376 
 
The saturation pressure is 
 

𝑃!" =
𝑒!!,!"#!!,!!"#∙!!!"#$/!

𝑇!,!
 

(25) 

 
where 𝑇 represents the air temperature in Kelvin [30]. When the saturation pressure is known 
for the particular temperature, the partial pressure is 
 
𝑃! = 𝑃!" ∙ 𝜙 (26) 

where 𝜙 is the relative humidity. The humidity ratio (𝑥) is 
 
𝑥 = 0,62199 ∙ 𝑃!/(𝑃!"! − 𝑃!) (27) 

where the number 0,62199 is a constant for water vapor in the air and 𝑃!"! is the total pressure 
and is equal to the atmospheric pressure 101325 Pa. The humidity ratio shows how many kg 
of water vapor that 1 kg of air contains, this is measured in [kg-wv/kg-air]. 
 
Table 10 displays a summary of the combustion air temperatures for Furnace 1 and 2 together 
with the calculated humidity. The data in row ‘Temperature before HEX' is average values 
from SSABs provided data sheets. The last three columns, Furnace 2, show a negative value 
the entire year around due to the broken gauge. They are thereby disregarded; instead the 
values are replaced by average values for Furnace 1. 
 
Table 10. Combustion air, Oxelösund 2013. 

Furnace number 1 1 1 2 2 2 
Week 16 26 44 26 44 49 
Temperature before 
HEX [°C] 

29,5 34,1 34,2 -13,1 
(32,6) 

-13,3 
(32,6) 

-14,9 
(32,6) 

Estimated 
temperature [°C] 

- - - 32,6 32,6 32,6 

Outside mean 
temperature [°C] 
(quarterly) 

6,6 16,4 6,6 16,4 6,6 -3,2 

Average humidity 
(quarterly) [%] 

79 79 79 79 79 79 

Humidity in air 
[Nm3-water/ 
Nm3-dry air] 

0,0075 0,0145 0,0075 0,0145 0,0145 0,0037 
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4.6 Heat Exchangers 
 
The performance of a heat exchanger is measured in how much heat it can transfer. This heat 
transfer 
 
𝑄 = 𝑈 · 𝐴 · 𝛥𝑇!"#,!"#$ (28) 

depends on the heat transfer area (𝐴), the heat transfer coefficient (𝑈) and the logarithmic 
mean temperature (𝛥𝑇!"#,!"#$). The	  logarithmic	  mean	  temperature	   
	  

𝛥𝑇!"#,!"#$ =
𝑇!,!" − 𝑇!,!"# − (𝑇!,!"# − 𝑇!,!")

ln  (
𝑇!,!" − 𝑇!,!"#
𝑇!,!"# − 𝑇!,!"

)
 

(29) 

 
for a counter-flow heat exchanger is calculated where (𝑇!,!"  &  𝑇!,!"#) represents the in and 
out temperature for the hot stream, and (𝑇!,!"  &  𝑇!,!"#) represents the in and out temperatures 
for the cold stream. [16] 
 

4.7 Mass and Energy Balance 
 
To compare the reference cases with the new cases using new technology a mass and energy 
balance is performed. A schematic picture of the system balance can be seen in Figure 27 
where the arrows represent the mass and energy flows. The arrow to ‘oxide scale formation’ 
points in both directions, this is because the energy flows into the furnace, and the mass flows 
out of the furnace. 
 
Table 11. System mass & energy balance. 

Input Output 
Combustion air - Cold Flue gas - after HEX 

Oxygen Heat loss - HEX (energy) 
Infiltration air Heat loss - furnace (energy) 

Fuel-BFG - Cold Steel slab - Hot 
Fuel-COG Oxide scale formation (mass) 
Fuel-EO5  

Steel slab - Cold  
Oxide scale formation (energy)  
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Figure 27. System mass & energy balance. 

 

4.7.1 Combustion air 
 
The energy in the air depends on two factors: the temperature and humidity. The energy is 
calculated using specific enthalpy, which has the unit kilojoule per kilogram (kJ/kg). 
The enthalpy of the air is calculated by adding enthalpy for dry air and the enthalpy of water 
vapor. 
 

4.7.1.1 Enthalpy for Dry Air 
 
The enthalpy of dry air is calculated with the help of enthalpy tables for oxygen and nitrogen. 
The tables can be found in Appendix 10.1. The oxygen enthalpy is then multiplied by 
(1/4,76), and nitrogen is multiplied by (1-1/4,76) to get the right ratio of 21% oxygen and 
79% nitrogen.  
 

4.7.1.2 Enthalpy for Water Vapor 
 
The second part of the total enthalpy of the air is from water vapor, which consists of both 
latent heat and sensible heat. The amount of water vapor in the air is calculated as described 
in section 4.5. The enthalpy table for H2O is used to find the sensible and the latent enthalpy 
for the vapor. 
 

4.7.1.3 Enthalpy for Wet Air 
 
Now that the enthalpies of both dry air and water vapor is known the total energy for wet air 
is 
 
𝐸!"#  !"# = 𝑚!"#  !"# · ℎ!"#  !"# +𝑚!"#$%  !"#$% · ℎ!"#$%  !"#$%. 
 

(30) 
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4.7.2 Oxygen 
 
The oxygen is assumed to contain 100% oxygen (𝑂!) and enter the furnace at 25°C. The 
enthalpy of oxygen is found in Appendix 10.1. The energy of oxygen is  
 
𝐸!"#$%& = 𝑚!"#$%& · ℎ!"#$%&. 
 

(31) 

4.7.3 Steel Slabs 
 
The steel slabs are assumed to enter the furnace at 25°C and discharge at temperatures 
between 1150-1200°C. The energy required to heat the steel slabs to the finish temperature is  
 
𝐸!"#$ = 𝑚!"#$ · 𝐶𝑝 · 𝑇!"#$ − 𝑇!" . 
 

(32) 

SSAB provided the heat capacity for their average steel type, which is calculated to 675 
kJ/kg·K for a heating process going from 0-1200°C.  
 

4.7.4 Oxide Scale Formation 
 
Due to the high temperature inside the furnace there will occur oxide scale formation on the 
slabs that causes a mass loss and an energy gain. The oxide scale is an exothermic reaction 
that emits energy to the furnace 
 
𝐸!"#$% = 𝑚!"#$% · 𝐿!"#$%. (33) 

 
𝐿!"#$% is the latent heat generated in the exothermic reaction, which is equal to 4985 kJ/(kg-
oxide formation). The oxide scale is washed away from the slab when it has exit the furnace. 
[31]. 
 

4.7.5 Infiltration Air 
 
Early in the energy balance calculation there were observations showing that the heat 
exchanger energy balance could not be fulfilled. The flue gas flow from the furnace was not 
sufficient to preheat the incoming air to the correct temperature. One solution was to increase 
the incoming flue gas flow by adding infiltration air. 
 
The infiltration air enters the furnace without contributing as combustion air. The infiltration 
air is assumed to come from the front side, where the slab is entering the furnace. It mixes 
with combustion gas before it flows down into the flue gas channel. Thus, the infiltration air 
does not intervene with the rest of the furnace and does only dilute the flue gas that goes into 
the heat exchanger. The volume flow of infiltration air and the combustion gas temperature is 
initially unknown and must be calculated. The assumptions for the calculations are the 
following. 

• The heat exchanger efficiency is set to 100%. If the efficiency is lower than 100%, 
the flue gas temperature from the furnace is raised and may indicate a better 
performance than reality.  

• No other heat losses. 
• The combustion gas is not diluted by infiltration air before it enters the flue gas 

channel. 
• The temperature before and after the HEX is based SSAB’s measurements data. 
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The infiltration solution will only be used when calculating mass and energy balance for the 
reference cases. Thus, it will not be used in the new cases using new technology. This is 
because it is easier to assume a higher combustion gas temperature and only consider the 
combustion gas flow from the furnace. It will give the same energy input to the HEX and an 
easier calculation process. 
 
Figure 28 shows a schematic picture of the infiltration. Some of the flows are known, and 
some are unknown and must be calculated to find the amount of infiltration air that enters the 
furnace and heat exchanger. 
 

 
Figure 28. Schematic picture is showing how combustion air is diluted by infiltration air before entering the 
HEX. 

The nomenclature below will be used in oncoming calculations. 
 
Table 12. Nomenclature for infiltration calculation. 

Flow Shortening 
Infiltration air inf 

Combustion gas comb 
Combustion air – Cold air – cold 
Combustion air – Hot air – hot 

Flue gas – Cold flue – cold 
Flue gas – Hot flue – hot 

 

4.7.5.1 Volume Flows 
 
All volume flows are calculated in normal cubic meter, which means that the stream will not 
change due to temperature or pressure. Table 13 shows which streams that are known and 
unknown. 
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Table 13. Volume flows in the infiltration calculation. 

Stream Known/Unknown 

𝑉!"# Known, stoichiometric calc. 

𝑉!"#$ Unknown, due to infiltration air. 

𝑉!"# Unknown 

𝑉!"#$ Known, stoichiometric calc. 

 

4.7.5.2 Temperatures 
 
The temperatures around the heat exchanger are known, and the temperature of the infiltration 
air is assumed to be the same as the cold combustion air. The temperature of the combustion 
gas is however not known and will be calculated by making an energy balance over the heat 
exchanger. Table 14 below shows which of the temperatures that are known and which that 
are unknown. 
 
Table 14. Temperature in the infiltration calculation. 

Temperature Known/Unknown 

𝑇!"#!!"#$ Known, from ssab data table 

𝑇!"#!!!" Known, from ssab data table 

𝑇!"#$!!"#$ Known, from ssab data table 

𝑇!"#$!!!" Known, from ssab data table 

𝑇!"# Known, equal to 𝑇!"#!!"#$ 

𝑇!"#$ Unknown 

 

4.7.5.3 Specific Heat Capacity and Enthalpy 
 
Enthalpy (ℎ) is equal to the specific heat capacity (𝐶!) times the temperature (𝑇). The 𝐶! 
depends on the composition of the gas, and the composition sometimes depends on the 
temperature when measuring in volume flow. If the composition is known and the 
temperature is known, the enthalpy is known. The table below shows which 
enthalpies/specific heat capacity that are known and which that are unknown. 
 
Table 15. Enthalpies and specific heat capacity for infiltration calculation. 

Enthalpy/Specific heat capacity Known/Unknown 

ℎ!"#!!"#$ Known 

ℎ!"#!!!" Known 

𝐶!,!"#$!!"#$ Unknown, due to composition and flow 

𝐶!,!"#$!!!" Unknown, due to composition and flow 

𝐶!,!"# Known 

𝐶!,!"#$ Unknown, due to temperature 
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4.7.5.4 Energy Balance 
 
The energy in the hot and cold combustion air are  
 
𝐸!"#!!"#$ = 𝑉!"# · ℎ!"#!!"#$ and (34) 

𝐸!"#!!!" = 𝑉!"# · ℎ!"#!!!", (35) 

where both volume flow and enthalpy are known. The hot and cold flue gas flows  
 
𝐸!"#$!!!" = 𝑉!"#$!!!" · 𝐶𝑝!"#$!!!" · 𝑇!"#$!!!"  
 
and 
 

(36) 

𝐸!"#$!!"#$ = 𝑉!"#$!!"#$ · 𝐶𝑝!"#$!!"#$ · 𝑇!"#$!!"#$ (37) 

must be iterated due to unknown infiltration airflow and specific heat capacity. The specific 
heat capacity depends on the mixture of infiltration air and combustion gas while the two 
temperatures are known. The specific heat capacity for the hot flue gas is  
 

𝐶𝑝!"#$!!!" =
𝐶𝑝!"# · 𝑉!"#
𝑉!"# + 𝑉!"#$

+
𝐶𝑝!"#$ · 𝑉!"#$
𝑉!"# + 𝑉!"#$

 
(38) 

and the volume flow of the hot combustion gas is  
 
𝑉!"#$!!!" = 𝑉!"# + 𝑉!"#$. (39) 

The energy balance is then calculated by iteration. The goal of the iteration is to set the 
efficiency of the heat exchanger to 1 
 

1 =
𝐸!"#!!!" − 𝐸!"#!!"#$
𝐸!"#$!!!" − 𝐸!"#$!!"#$

 
(40) 

 
and at the same time set the equations 
 
𝐸!"#$!!!" = 𝑉!"#$!!!" · 𝐶𝑝!"#$!!!" · 𝑇!"#$!!!" (41) 

𝐸!"#$!!!" = 𝐸!"#!!!" − 𝐸!"#!!"#$ + (𝑉!"#$ · ℎ!"#$!!"#$) (42) 

𝐸!"#$!!!" = 𝑉!"# · ℎ!"# + 𝑉!"#$ · ℎ!"#$ (43) 

to be equal. The combustion air temperature 𝑇!"#$ and infiltration airflow 𝑚!"# is then 
iterated until these criteria are met. 
 

4.7.6 Fuels 
 
Fuels consist of both chemical energy and sensible energy where the chemical energy is 
known as the formation energy. The temperature for each fuel can be found in Table 16. The 
sensible heat for BFG is calculated using sensible enthalpy tables in Appendix 10.1. For COG 
and EO5, the sensible heat is calculated using specific heat capacity (𝐶!) times the 
temperature. 
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Table 16. Temperature of fuels. 

Fuel Temperature 
Coke oven gas 23 °C, from SSAB data 

Blast furnace gas - before HEX 25 °C, assumption 
Blast furnace gas - after HEX Calculated 

Heavy oil EO5 110°C, from SSAB data 
 
The amounts of energy, which the fuels contain are  
 
𝐸!"# = 𝑉!"# · ℎ!,!"# + 𝑉!"# · 𝐶𝑝!"# · (𝑇!"# − 𝑇!"#), (44) 

𝐸!"# = 𝑉!"# · ℎ!,!"# + 𝑉!"# · ℎ!,!"# and (45) 

𝐸!"! = 𝑉!"! · ℎ!,!"! + 𝑉!"! · 𝐶𝑝!"! · (𝑇!"! − 𝑇!"#). (46) 

The first term on the right-hand side includes formation energy, and the second term includes 
the sensible energy. 
 

4.7.7 Flue Gas 
 
The flue gas  
 
𝐸!"#$!!!" = 𝑉!"#$!!!" · 𝐶𝑝!"#$!!!" · (𝑇!"#$!!!" − 𝑇!"#) (47) 

is a mix of combustion gas and infiltration air that is extracted from the furnace into the heat 
exchanger. The energy of the gas depends on the volume flow, specific heat capacity (𝐶!) of 
the infiltration air together with the flue gas temperature. 
 

4.7.7.1 Flue Gas after Heat Exchanger 
 
When the flue gas travels through the heat exchanger parts of its energy is transferred to the 
combustion air, which leads to a decrease in temperature. The flue gas energy after the heat 
exchanger  
 
𝐸!"#$!!"#$ = 𝑉!"#$!!"#$ · 𝐶𝑝!"#$!!"#$ · (𝑇!"#$!!"#$ − 𝑇!"#) (48) 

depends on the composition, volume flow and temperature of the gas. The composition and 
volume flow are constant through the heat exchanger while the temperature is decreasing, 
which also changes the specific heat capacity. 
 

4.7.8 Heat Losses 
 
The heat loss of the furnace and heat exchanger is calculated in different ways. The heat loss 
of the furnace is 
 
𝐸!!"#  !"##,!"#$%&' = 𝐸!"#$%,!"#$%&' − 𝐸!"#$"#,!"#$%&' (49) 

 
and the heat loss is due to several reasons. Some of them are transport losses through the 
walls, top, and bottom, cooling of beams, creating process steam, air infiltration and escaping 
of combustion gas. The process steam is not a heat loss because the heat is used in other 
applications, but due to insufficient data of the process steam it had to be included with the 
other heat losses. 
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Heat loss for the heat exchangers are 
 
𝐸!!"#  !"##,!"#  !!" = 𝐸!"#$!  !!" − 𝐸!"#$!!"#$ − (𝐸!"#!!!! − 𝐸!"#!!"#$) (50) 

for the combustion air HEX and 
 
𝐸!!"#  !"##,!"#  !!" = 𝐸!"#$!  !!" − 𝐸!"#$!!"#$ − (𝐸!"#!!!" − 𝐸!"#!!"#$) (51) 

for the blast furnace gas HEX. 
 

4.8 Electricity 
 
There are primarily two main parts using electricity in the system; it is fans and motors. 
The fans are installed at the combustion air inlet and the flue gas outlet. Their function is to 
increase and control the mass flow of the air and flue gas. The electric motors are placed at 
the exit of the furnace and are used to open and close the hatch when the slabs are discharged.   
 
Unfortunately, there are no measurements of the electricity usage, which makes it impossible 
to see how the electricity usage changes during use of different mass flows and production 
rate. The hatch motors electricity usages are assumed to only change with production rate 
while the fans usage depends on both production rate and mass flows. The electricity usage 
might also increase when the BFG is introduced due to the higher mass flow that is required 
to supply the same amount of energy compared with COG. 
 
Due to the lack of electricity usage data it is not possible to include the electricity in the 
calculations. An assumption is made that the electricity usage is most likely quite small 
compared with the total energy usage. And the assumption that the change in electricity 
usage, when different fuels are used, is also quite small. 
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5. System Analysis to Quantify Potential Impacts When 
Adopting New Techniques 

 

5.1 The Cases 
 
The cases in this study can be divided into two parts. The first part includes the reference 
cases based on the production data from SSAB. The second part reflects the reference cases 
but with applying the new technologies. 
 
The model does not include a heat transfer study. Which most likely mean that the different 
cases cannot produce the same amount of hot steel, and the suggested configurations may or 
may not work as outlined in the cases. This leads to the conclusion that they cannot be 
compared to each other but rather serve as indications that need to be verified by a heat 
transfer study. 
 

5.1.1 Reference Cases 
 
The input data from SSAB gave a total of six reference cases, three for each furnace. Each 
furnace data consisted of a week production data for high, medium and low production rate. 
Table 17 shows data for all six cases provided by SSAB. A summary of the input data can be 
seen in Appendix 10.2. 
 
Table 17. Reference cases, SSAB Oxelösund (2012,2013). 

Production rate Furnace 1 Furnace 2 
High production 61 ton/h (week 16, 2012) 60 ton/h (week 49, 2013) 
Medium production 48 ton/h (week 44, 2013) 42 ton/h (week 26, 2013) 
Low production 38 ton/h (week 26, 2013) 35 ton/h (week 44, 2013) 
 
The heat exchanger in the reference case is set to have an efficiency of 100%. The reason to 
this is, if the HEX efficiency is lowered, the furnace heat losses must be reduced for the 
energy balance to be solved. As there are no data for the real HEX efficiency, this is assumed 
to be the best choice in order to not to exaggerate the furnace efficiency. 
 

5.1.2 Cases with New Technologies 
 
To analyze how the new technology will affect the process a few cases have been selected to 
represent for realistic uses. In case 1 and case 2, the fuel is BFG, and the oxidizer is oxygen or 
air. In case 3 and 4 the fuels are BFG and COG, and the oxidizer is air or air combined with 
oxygen. The aim of this study is to minimize the costs. As the oil is the most expensive fuel, 
thus the oil flow will be set to zero in all cases. The selected cases can be seen in Table 18. 
The assumptions are: 

• EO5 are assumed to be the most expensive fuel and are, therefore, excluded in favor 
of BFG. 

• BFG and air are always preheated. 
• When both BFG and air are combusted, they are preheated to the same temperature. 
• In case 3 and case 4, the COG accounts for the same energy as in the reference case 

while BFG is set to meet validation requirements. 
• The production rate is the same, and the slabs absorb the same amount of energy in 

all cases. 
• The furnace heat loss is the same in all cases. 
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• The HEX efficiency is assumed to be 90% in the new cases. This efficiency is chosen 
because many heat exchangers have an efficiency of around 85-95%. 

• The combustion gas temperature leaving the furnace is the same in all the comparing 
cases. 
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Table 18. Comparison cases with new technology. 

Case Fuel Oxidizer 
Case 1 BFG Oxygen 
Case 2 BFG Air 
Case 3 BFG+COG Oxygen (BFG)+Air (COG) 
Case 4 BFG+COG Air 
 
Figure 29 shows the system mass and energy balance for the new system. One pebble heater 
will be used to preheat air and another pebble heater to preheat blast furnace gas. 
 

 
Figure 29. System mass & energy balance using new technology 

 

5.2 Analysis Software 
 
Another assumption was made to compare the reference case to the new cases. Since the 
energy absorption by the slabs is the same in all cases, the assumption is that the energy 
transferred to the slabs should also be the same. There are different software and methods that 
can calculate the heat transfer to the slabs. Below shows an evaluation of the software and 
methods investigated in this study. 
 

5.2.1 Steeltemp® 
 
Steeltemp® is a software developed by Swerea MEFOS that can be used to simulate 
reheating furnaces in both 2D and 3D models to investigate how a fuel change could affect 
the reheating process. Unfortunately, this software is not developed for blast furnace gas and 
could, therefore, not be used in this analysis. 
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5.2.2 E-solutions 
 
E-solutions is a software developed by Hauck Manufacturing Company, which can be used 
for solving combustion and heat transfer problems. Unfortunately, this software could not 
either be used because of an error that gave faulty results when blast furnace gas was 
introduced into the calculations. 
 

5.2.3 Available Heat 
 
The third and last method evaluated in this study is ‘Available heat'. It is not software to 
simulate the process but a method. This method is used to compare the amount of energy 
available to the process. The method considers the heat input to the system including heating 
value of the fuels and sensible enthalpy of fuels and oxidizer, together with the heat output 
that leaves with the flue gasses. It then shows how much energy is left to the system. The 
energy, which is left to the system, goes to heating the slabs and to heat losses. The available 
heat is 
𝐴𝑣𝑎𝑖𝑙𝑎𝑏𝑙𝑒  ℎ𝑒𝑎𝑡 = !"#!!.!"#!!"#$ !"#$% !!.!"!!!"#$(!"#$  !"#)

!"#
, (52) 

 
where LHV is the lower heating value and s. enthalpy is the sensible enthalpy. It is then 
presented, in a chart, to show how much energy that is left for the system dependent on the 
flue gas temperature. Figure 30 shows a typical available heat chart where the y-axis shows 
the percentage of input LHV energy that is available in the furnace for heating. The x-axis 
displays the temperature of flue gas leaving the furnace.  
 

 
Figure 30. Available heat for reference case - Furnace 1, Week 16. 

The chart above shows how many percent of the formation energy (LHV) in the fuel that is 
available in the furnace process, dependent on the temperature of the flue gas that leaves the 
furnace. The chart shows theoretical values above 100% and flue gas temperatures below 
150°C. However, available heat over 100% is not possible and temperatures under 150°C is 
not preferable due to unwanted side effects as condensing water in flue gas channels.  
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5.3 System Calibration 
 
Since Steeltemp® and E-solutions software was not compatible with blast furnace gas the 
available heat method was chosen. Available heat does not consider the heat transfer to the 
slabs but does consider the amount of energy provided to the furnace. The assumption, which 
must be made, is thus that the slabs will absorb the same energy if the energy transferred to 
the slabs is the same in all cases. In reality, this is not correct, for instance, different 
combustion gas temperature, composition and volume flow will change the heat transfer to 
the slabs. 
 
Available heat is then used to calibrate the new cases. If the reference case gives an available 
heat of a certain percentage, this value will be used in the new cases to calculate the energy 
balance. However, this will be not correct to cases in which LHV is not the same as the 
reference case. Therefore, the other assumption is made; i.e. the combustion gas temperature 
leaving the furnace is equal in all comparing cases. This is to simplify the energy balance and 
to get the heat transfer as uniform as possible between the cases. 
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6. Modeling Results of Reheating Furnaces 
6.1 Furnace 1 Full Production (Week 16, 2013) 
 
Furnace 1 was operated at full production in Week 16, 2013, and the production rate was 61,3 
tons slab per hour. 

6.1.1 Reference Case 

6.1.1.1 Input Data 
 
  Data from 

SSAB 
Assumption 

Combustion    
COG 1 510,2 Nm3/h X  
EO5 1 448,7 l/h X  
Airflow n/a X  
Air factor n/a X  
Temperatures    
Air before HEX 29,5°C X  
Air after HEX 378,6°C X  
Flue gas before HEX 655,1°C X  
Flue gas after HEX 469,2°C X  
COG gas 23°C X  
EO5 110°C X  
Slab input temperature 25°C  X 
Outdoor temperature 6,6°C  

(79% humidity) 
 X 

Steel slab    
Mass flow 61 317,9 kg/h X  
Oxide scale 285,8 kg/h X  
Draw temperature 1 173,6°C X  
Other    
Heat exchanger efficiency 100 %  X 

6.1.1.2 Output Data 
 
Stoichiometric Airflow 21 378 Nm3/h Combustion gas flow 25 955 Nm3/h 
Airflow 23 778 Nm3/h Flue gas flow 37 611 Nm3/h 
Air factor 1,11 Adiabatic flame temp* 2231°C 
Infiltration airflow 11 658 Nm3/h Combustion gas temp 892°C 
COG formation energy input 27 359 MJ/h CO2 in flue gas 10,5 % 
EO5 formation energy input 58 089 MJ/h H2O in flue gas 14,9 % 
Infiltration 31,0 % Furnace efficiency 55,5 % 
  Available heat 72,9 % 

6.1.1.3 Energy Balance 
 
Input  Output  
Formation energy 85 449 MJ/h Flue gas 24 033 MJ/h 
Sensible energy 921 MJ/h Slab 47 318 MJ/h 
Slab oxide 1 425 MJ/h Furnace heat loss 16 444 MJ/h 
Slab 0 MJ/h HEX heat loss 0 MJ/h 
Total 87 795 MJ/h Total 87795 MJ/h 
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6.1.1.4 Available Heat 
 

 
Figure 31. Available heat for Furnace 1 at full production – Reference case. 

Available heat is 72,9% at 892°C. 

6.1.1.5 Summary 
 
The adiabatic flame temperature* is 2231°C and combustion gas temperature leaving the 
furnace is 892°C. The furnace is operating with an efficiency of 55,5% and available heat is 
72,9% at 892°C. 
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6.1.2 Case 1 – BFG (O2) - Furnace 1 Full Production 
 
This is the first case using new technology with preheated blast furnace gas and oxygen as 
oxidizer. 

6.1.2.1 Input Data 
 
  From 

reference 
case 

Assumption 

Combustion    
Oxygen factor 1,05  X 
Temperatures    
BFG gas 25°C  X 
Slab input temperature 25°C  X 
Oxygen temperature 25°C  X 
Combustion gas temp 892°C X  
Steel slab    
Mass flow 61 317,9 kg/h X  
Oxide scale 285,8 kg/h X  
Draw temp 1 173,6°C X  
Other    
Heat exchanger efficiency 90 %  X 
Energy    
Furnace heat loss 16 444 MJ/h X  
Available heat 72,9% X  
Slab output energy 47 318 MJ/h X  
Oxide scale energy 1 425 MJ/h X  

6.1.2.2 Output Data 
 
BFG flow 31 196 Nm3/h Flue gas flow 31 368 Nm3/h 
Stoichiometric Oxygen flow 3 432 Nm3/h Adiabatic flame temp* 1 867°C 
Oxygen flow 3 603 Nm3/h Flue gas temp after HEX 439°C 
BFG temp after HEX 538°C CO2 in flue gas 42,4% 
Sensible energy after HEX 23 194 MJ/h H2O in flue gas 5,1% 
  Furnace efficiency 54,9% 

6.1.2.3 Energy Balance 
 
Input  Output  
Formation energy 86 192 MJ/h Flue gas after HEX 21 166 MJ/h 
Sensible energy before HEX 0 MJ/h Slab 47 318 MJ/h 
Slab oxide 1 425 MJ/h Furnace heat loss 16 444 MJ/h 
Slab 0 MJ/h HEX heat loss 2 688 MJ/h 
Total 87 617 MJ/h Total 87 617 MJ/h 
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6.1.2.4 Available Heat 

 
Figure 32. Available heat for Furnace 1 at full production – BFG (O2). 

The available heat is 72,9% at 892°C. 

6.1.2.5 Summary 
 
In this case the furnace is operating with an efficiency of 54,9%. The blast furnace gas is 
raised to 538°C in the heat exchanger and the adiabatic flame temperature* is 1867°C. The 
flue gas temperature leaving the heat exchanger is 439°C. 	  
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6.1.3 Case 2 – BFG (Air) – Furnace 1 Full Production 
 
This is the second case using new technology with preheated blast furnace gas and preheated 
combustion air.  

6.1.3.1 Input Data 
 
  From 

reference 
case 

Assumption 

Combustion    
Air factor 1,10  X 
Temperatures    
BFG gas 25°C  X 
Slab input temperature 25°C  X 
Oxygen temperature 25°C  X 
Air temp before HEX 29,5°C X  
Combustion gas temp 892°C X  
Steel slab    
Mass flow 61 317,9 kg/h X  
Oxide scale 285,8 kg/h X  
Draw temp 1 173,6°C X  
Other    
Heat exchanger efficiency 90 %  X 
Energy    
Furnace heat loss 16 444 MJ/h X  
Available heat 72,9 % X  
Slab output energy 47 318 MJ/h X  
Oxide scale energy 1 425 MJ/h X  

6.1.3.2 Output Data 
 
BFG flow 31 167 Nm3/h Flue gas flow 45 825 Nm3/h 
Stoichiometric Airflow (BFG) 16 319 Nm3/h Adiabatic flame temp* 1 619°C 
Airflow (BFG) 17 951 Nm3/h Flue gas temp after 

HEX 
310°C 

BFG temp after HEX 600°C CO2 in flue gas 29,0 % 
Air temp after HEX 600°C H2O in flue gas 3,8 % 
Sensible energy after HEX 41 636 MJ/h Furnace efficiency 54,9 % 

6.1.3.3 Energy Balance 
 
Input  Output  
Formation energy 86 112 MJ/h Flue gas after HEX 19 554 MJ/h 
Sensible energy before HEX 366 MJ/h Slab 47 318 MJ/h 
Slab oxide 1 425 MJ/h Furnace heat loss 16 444 MJ/h 
Slab 0 MJ/h HEX heat loss 4 586 MJ/h 
Total 87 902 MJ/h Total 87 902 MJ/h 
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6.1.3.4 Available Heat 
 

 
Figure 33. Available heat for Furnace 1 at full production – BFG (Air). 

The available heat is 72,9% at 892°C. 

6.1.3.5 Summary 
 
In this case the furnace is operating with an efficiency of 54,9%. The blast furnace gas and 
combustion air is raised to 600°C in the heat exchanger and the adiabatic flame temperature* 
is 1619°C. The flue gas temperature leaving the heat exchanger is 310°C.  
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6.1.4 Case 3 – BFG (O2) + COG (Air) – Furnace 1 Full Production 
 
This is the third case using new technology with preheated blast furnace gas, oxygen, coke 
oven gas and preheated combustion air.  

6.1.4.1 Input Data 
 
  From 

reference 
case 

Assumption 

Combustion    
Air factor 1,11 X  
Oxygen factor 1,05  X 
COG Flow 1 510 Nm3/h X  
Temperatures    
BFG gas 25°C  X 
COG gas 23°C X  
Slab input temperature 25°C  X 
Oxygen temperature 25°C  X 
Air temp before HEX 29,5°C X  
Combustion gas temp 891,6°C X  
Steel slab    
Mass flow 61 317,9 kg/h X  
Oxide scale 285,8 kg/h X  
Draw temp 1 173,6°C X  
Other    
Heat exchanger efficiency 90 %  X 
Energy    
Furnace heat loss 16 444 MJ/h X  
Available heat 72,9 % X  
Slab output energy 47 318 MJ/h X  
Oxide scale energy 1 425 MJ/h X  

6.1.4.2 Output Data 
 
BFG flow 21 208 Nm3/h Flue gas flow 29 810 Nm3/h 
Stoichiometric Oxygen flow 2 332 Nm3/h Adiabatic flame temp* 1 954 °C 
Oxygen flow 2 449 Nm3/h Flue gas temp after 

HEX 
482 °C 

Stoichiometric Airflow 6 649 Nm3/h CO2 in flue gas 32,2 % 
Airflow 7 394 Nm3/h H2O in flue gas 9,8 % 
BFG temp after HEX 504 °C Furnace efficiency 55,0 % 
Air temp after HEX 504 °C   
Sensible energy after HEX 15 252 MJ/h   

6.1.4.3 Energy Balance 
 
Input  Output  
Formation energy 85 957 MJ/h Flue gas after HEX 21 544 MJ/h 
Sensible energy before HEX 0 MJ/h Slab 47 318 MJ/h 
Slab oxide 1 425 MJ/h Furnace heat loss 16 444 MJ/h 
Slab 0 MJ/h HEX heat loss 2 222 MJ/h 
Total 87 528 MJ/h Total 87 528 MJ/h 
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6.1.4.4 Available Heat 
 

 
Figure 34. Available heat for Furnace 1 at full production – BFG (O2) + COG (Air). 

The available heat is 72,9% at 892°C. 

6.1.4.5 Summary 
 
In this case the furnace is operating with an efficiency of 55,0%. The blast furnace gas and 
combustion air is raised to 504°C in the heat exchanger and the adiabatic flame temperature* 
is 1954°C. The flue gas temperature leaving the heat exchanger is 482°C. 
  



 56 

6.1.5 Case 4 – BFG (Air) + COG (Air) – Furnace 1 Full Production 
 
This is the fourth case using new technology with preheated blast furnace gas, coke oven gas 
and preheated combustion air.  

6.1.5.1 Input Data 
 
  From 

reference 
case 

Assumption 

Combustion    
Air factor (COG) 1,11 X  
Air factor (BFG) 1,10  X 
COG Flow 1 510 Nm3/h X  
Temperatures    
BFG gas 25°C  X 
COG gas 23°C X  
Slab input temperature 25°C  X 
Oxygen temperature 25°C  X 
Air temp before HEX 29,5°C X  
Combustion gas temp 891,6°C X  
Steel slab    
Mass flow 61 317,9 kg/h X  
Oxide scale 285,8 kg/h X  
Draw temp 1 173,6°C X  
Other    
Heat exchanger efficiency 90%  X 
Energy    
Furnace heat loss 16 444 MJ/h X  
Available heat 72,9% X  
Slab output energy 47 318 MJ/h X  
Oxide scale energy 1 425 MJ/h X  
 

6.1.5.2 Output Data 
 
BFG flow 21 189 Nm3/h Flue gas flow 39 638 Nm3/h 
Stoichiometric Airflow (BFG) 11 095 Nm3/h Adiabatic flame temp* 1 739°C 
Airflow (BFG) 12 204 Nm3/h Flue gas temp after 

HEX 
371°C 

Stoichiometric Airflow (COG) 6 649 Nm3/h CO2 in flue gas 24,2% 
Airflow (COG) 7 394 Nm3/h H2O in flue gas 7,6% 
BFG temp after HEX 564°C Furnace efficiency 55,1% 
Air temp after HEX 564°C   
Sensible energy after HEX 32 005 MJ/h   

6.1.5.3 Energy Balance 
 
Input  Output  
Formation energy 85 903 MJ/h Flue gas after HEX 20 447 MJ/h 
Sensible energy before HEX 395 MJ/h Slab 47 318 MJ/h 
Slab oxide 1 425 MJ/h Furnace heat loss 16 444 MJ/h 
Slab 0 MJ/h HEX heat loss 3 512 MJ/h 
Total 87 722 MJ/h Total 87 722 MJ/h 
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6.1.5.4 Available Heat 
 

 
Figure 35. Available heat for Furnace 1 at full production – BFG (Air) + COG (Air). 

The available heat is 72,9% at 892°C. 

6.1.5.5 Summary 
 
In this case the furnace is operating with an efficiency of 55,1%. The blast furnace gas and 
combustion air is raised to 564°C in the heat exchanger and the adiabatic flame temperature* 
is 1739°C. The flue gas temperature leaving the heat exchanger is 371°C. 
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6.2 Furnace 2 Medium Production (Week 26, 2013) 

6.2.1 Reference Case 
 
Furnace 2 was operated at medium production in Week 26, 2013, and the production rate was 
42,2 tons slab per hour. The flue gas temperature leaving the heat exchanger is not known and 
therefore the combustion gas temperature cannot be calculated. This problem was solved by 
using the same combustion gas temperature as for Furnace 1 at medium production.  

6.2.1.1 Input Data 
 
  Data from 

SSAB 
Assumption 

Combustion    
COG 2 609,1 Nm3/h X  
EO5 404,1 l/h X  
Airflow 17 566,1 Nm3/h X  
Air factor n/a X  
Temperatures    
Air before HEX 32,6°C  X 
Air after HEX 296,4°C X  
Flue g. before HEX 638,2°C X  
Flue gas after HEX n/a   
Combustion gas temp 826°C (from Furnace 1)  X 
COG gas 23°C X  
EO5 110°C X  
Slab input temperature 25°C  X 
Outdoor temperature 16,4°C  

(79% humidity) 
 X 

Steel slab    
Mass flow 42 196,3 kg/h X  
Oxide scale 224,7 kg/h X  
Draw temp 1 171,1°C X  
Other    
Heat exchanger efficiency 100 %  X 

6.2.1.2 Output Data 
 
Stoichiometric Airflow 15 596 Nm3/h Combustion gas flow 19 876 Nm3/h 
Air factor 1,13 Flue gas flow 27 246 Nm3/h 
Infiltration airflow 7 370 Nm3/h Adiabatic flame temp* 2 137 °C 
COG energy input 47 267 MJ/h Flue gas temp after 

HEX 
486 °C 

EO5 energy input 16 203 MJ/h CO2 in flue gas 8,0% 
Infiltration 27,1% H2O in flue gas 19,4% 
  Furnace efficiency 51,2% 
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6.2.1.3 Energy Balance 
 
Input  Output  
Formation energy 63 471 MJ/h Flue gas 18 022 MJ/h 
Sensible energy 994 MJ/h Slab 32 470 MJ/h 
Slab oxide 1 120 MJ/h Furnace heat loss 15 093 MJ/h 
Slab 0 MJ/h HEX heat loss 0 MJ/h 
Total 65 585 MJ/h Total 65 585 MJ/h 

6.2.1.4 Available Heat 
 

 
Figure 36. Available heat for Furnace 2 at medium production – Reference case. 

The available heat is 73,1% at 826°C. 

6.2.1.5 Summary 
 
The adiabatic flame temperature* is 2137°C and combustion gas temperature leaving the 
furnace is 826°C. The furnace is operating with an efficiency of 51,2% and available heat is 
73,1% at 826°C. 
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6.2.2 Case 1 – BFG (O2) – Furnace 2 Medium Production 
 
This is the first case using new technology with preheated blast furnace gas and oxygen.  

6.2.2.1 Input Data 
 
  From 

reference 
case 

Assumption 

Combustion    
Oxygen factor 1,05  X 
Temperatures    
BFG gas 25°C  X 
Slab input temperature 25°C  X 
Oxygen temperature 25°C  X 
Steel slab    
Mass flow 42 196,3 kg/h X  
Oxide scale 224,7 kg/h X  
Draw temp 1 171,1°C X  
Other    
Heat exchanger efficiency 90%  X 
Energy    
Furnace heat loss 15 093 MJ/h X  
Available heat 73,1 % X  
Combustion gas temp 826°C X  
Slab output energy 32 470 MJ/h X  
Oxide scale energy 1 120 MJ/h X  

6.2.2.2 Output Data 
 
BFG flow 23 140 Nm3/h Flue gas flow 23 267 Nm3/h 
Stoichiometric Oxygen flow 2 545 Nm3/h Adiabatic flame temp* 1 810°C 
Oxygen flow 2 673 Nm3/h Flue gas temp after 

HEX 
442°C 

BFG temp after HEX 462°C CO2 in flue gas 42,4% 
Sensible energy after HEX 15 112 MJ/h H2O in flue gas 5,1% 
  Furnace efficiency 50,8% 

6.2.2.3 Energy Balance 
 
Input  Output  
Formation energy 63 934 MJ/h Flue gas after HEX 15 812 MJ/h 
Sensible energy before HEX 0 MJ/h Slab 32 740 MJ/h 
Slab oxide 1 120 MJ/h Furnace heat loss 15 093 MJ/h 
Slab 0 MJ/h HEX heat loss 1 679 MJ/h 
Total 65 054 MJ/h Total 65 054 MJ/h 
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6.2.2.4 Available Heat 

 
Figure 37. Available heat for Furnace 2 at medium production – BFG (O2). 

 
The available heat is 73,1% at 826°C. 

6.2.2.5 Summary 
 
In this case the furnace is operating with an efficiency of 50,8%. The blast furnace gas is 
raised to 462°C in the heat exchanger and the adiabatic flame temperature* is 1810°C. The 
flue gas temperature leaving the heat exchanger is 442°C.  
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6.2.3 Case 2 – BFG (Air) – Furnace 2 Medium Production 
 
This is the second case using new technology with preheated blast furnace gas and air.  

6.2.3.1 Input Data 
 
  From 

reference 
case 

Assumption 

Combustion    
Air factor 1,10  X 
Temperatures    
BFG gas 25°C  X 
Slab input temperature 25°C  X 
Oxygen temperature 25°C  X 
Air temp before HEX 29,5 °C X  
Steel slab    
Mass flow 42196,3 kg/h X  
Oxide scale 224,7 kg/h X  
Draw temp 1171,1°C X  
Other    
Heat exchanger efficiency 90%  X 
Energy    
Furnace heat loss 15093 MJ/h X  
Available heat 73,1% X  
Combustion gas temp 826°C X  
Slab output energy 32470 MJ/h X  
Oxide scale energy 1120 MJ/h X  

6.2.3.2 Output Data 
 
BFG flow 23114 Nm3/h Flue gas flow 34077 Nm3/h 
Stoichiometric Airflow (BFG) 12103 Nm3/h Adiabatic flame temp* 1558°C 
Airflow (BFG) 13313 Nm3/h Flue gas temp after 

HEX 
318°C 

BFG temp after HEX 530°C CO2 in flue gas 28,9% 
Air temp after HEX 530°C H2O in flue gas 4,0% 
Sensible energy after HEX 27119 MJ/h Furnace efficiency 50,8% 

6.2.3.3 Energy Balance 
 
Input  Output  
Formation energy 63862 MJ/h Flue gas after HEX 14966 MJ/h 
Sensible energy before HEX 504 MJ/h Slab 32470 MJ/h 
Slab oxide 1120 MJ/h Furnace heat loss 15093 MJ/h 
Slab 0 MJ/h HEX heat loss 2957 MJ/h 
Total 65486 MJ/h Total 65486 MJ/h 
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6.2.3.4 Available Heat 
 

 
Figure 38. Available heat for Furnace 2 at medium production – BFG (Air). 

The available heat is 73,1% at 826°C. 

6.2.3.5 Summary 
 
In this case the furnace is operating with an efficiency of 50,8%. The blast furnace gas and 
combustion air is raised to 530°C in the heat exchanger and the adiabatic flame temperature* 
is 1558°C. The flue gas temperature leaving the heat exchanger is 318°C.  
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6.2.4 Case 3 – BFG (O2) + COG (Air) – Furnace 2 Medium Production 
 
This is the third case using new technology with preheated blast furnace gas, oxygen, coke 
oven gas and preheated air.  

6.2.4.1 Input Data 
 
  From 

reference 
case 

Assumption 

Combustion    
Air factor 1,126 X  
Oxygen factor 1,05  X 
COG Flow 2609 Nm3/h X  
Temperatures    
BFG gas 25°C  X 
COG gas 23°C X  
Slab input temperature 25°C  X 
Oxygen temperature 25°C  X 
Air temp before HEX 32,6°C X  
Steel slab    
Mass flow 42196,3 kg/h X  
Oxide scale 224,7 kg/h X  
Draw temp 1171,1 °C X  
Other    
Heat exchanger efficiency 90%  X 
Energy    
Furnace heat loss 15093 MJ/h X  
Available heat 73,1% X  
Combustion gas temp 826°C X  
Slab output energy 32470 MJ/h X  
Oxide scale energy 1120 MJ/h X  

6.2.4.2 Output Data 
 
BFG flow 5908 Nm3/h Flue gas flow 20851 Nm3/h 
Stoichiometric Oxygen flow 650 Nm3/h Adiabatic flame temp* 2028°C 
Oxygen flow 682 Nm3/h Flue gas temp after 

HEX 
555°C 

Stoichiometric Airflow 11488 Nm3/h CO2 in flue gas 16,8% 
Airflow 12935 Nm3/h H2O in flue gas 17,1% 
BFG temp after HEX 360°C Furnace efficiency 51,1% 
Air temp after HEX 360°C   
Sensible energy after HEX 9053 MJ/h   

6.2.4.3 Energy Balance 
 
Input  Output  
Formation energy 63591 MJ/h Flue gas after HEX 16678 MJ/h 
Sensible energy before HEX 482 MJ/h Slab 32470 MJ/h 
Slab oxide 1120 MJ/h Furnace heat loss 15093 MJ/h 
Slab 0 MJ/h HEX heat loss 952 MJ/h 
Total 65193 MJ/h Total 65193 MJ/h 
 



 65 

6.2.4.4 Available Heat 
 

 
Figure 39. Available heat for Furnace 2 at medium production – BFG (O2) + COG (Air). 

The available heat is 73,1% at 826°C. 

6.2.4.5 Summary 
 
In this case the furnace is operating with an efficiency of 51,1%. The blast furnace gas and 
combustion air is raised to 360°C in the heat exchanger and the adiabatic flame temperature* 
is 2028°C. The flue gas temperature leaving the heat exchanger is 555°C. 
  



 66 

6.2.5 Case 4 – BFG (Air) + COG (Air) – Furnace 2 Medium Production 
 
This is the fourth case using new technology with preheated blast furnace gas, coke oven gas 
and preheated combustion air.  

6.2.5.1 Input Data 
 
  From 

reference 
case 

Assumption 

Combustion    
Air factor (COG) 1,126 X  
Air factor (BFG) 1,10  X 
COG Flow 2609 Nm3/h X  
Temperatures    
BFG gas 25°C  X 
COG gas 23°C X  
Slab input temperature 25°C  X 
Oxygen temperature 25°C  X 
Air temp before HEX 32,6°C X  
Steel slab    
Mass flow 42196,3 kg/h X  
Oxide scale 224,7 kg/h X  
Draw temp 1171,1°C X  
Other    
Heat exchanger efficiency 90%  X 
Energy    
Furnace heat loss 15093 MJ/h X  
Available heat 73,1% X  
Combustion gas temp 826°C X  
Slab output energy 32470 MJ/h X  
Oxide scale energy 1120 MJ/h X  

6.2.5.2 Output Data 
 
BFG flow 5901 Nm3/h Flue gas flow 23611 Nm3/h 
Stoichiometric Airflow (BFG) 3090 Nm3/h Adiabatic flame temp* 1911°C 
Airflow (BFG) 3399 Nm3/h Flue gas temp after 

HEX 
497°C 

Stoichiometric Airflow (COG) 11488 Nm3/h CO2 in flue gas 14,9% 
Airflow (COG) 12935 Nm3/h H2O in flue gas 15,3% 
BFG temp after HEX 406°C Furnace efficiency 51,1% 
Air temp after HEX 406°C   
Sensible energy after HEX 12119 MJ/h   
 
  



 67 

6.2.5.3 Energy Balance 
 
Input  Output  
Formation energy 63572 MJ/h Flue gas after HEX 16462 MJ/h 
Sensible energy before HEX 611 MJ/h Slab 32470 MJ/h 
Slab oxide 1120 MJ/h Furnace heat loss 15093 MJ/h 
Slab 0 MJ/h HEX heat loss 1279 MJ/h 
Total 65304 MJ/h Total 65304 MJ/h 

6.2.5.4 Available Heat 
 

 
Figure 40. Available heat for Furnace 2 at medium production – BFG (Air) + COG (Air). 

The available heat is 73,1% at 826°C. 

6.2.5.5 Summary 
 
In this case the furnace is operating with an efficiency of 51,1%. The blast furnace gas and 
combustion air is raised to 406°C in the heat exchanger and the adiabatic flame temperature* 
is 1911°C. The flue gas temperature leaving the heat exchanger is 497°C. 
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6.3 Results for Furnace 1 and Furnace 2 
 
The energy consumption for the two furnaces is shown in the graphs below. In case 3 and 4, 
where both BFG and COG is used, BFG stands for 68% in Furnace 1 and 26% in Furnace 2. 
 
 

 
Figure 41. Energy consumption for Furnace 1 at full production rate. 

 

 
Figure 42. Energy consumption for Furnace 2 at medium production rate. 
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6.3.1 Preheating Temperature 
 
The preheating temperature of the blast furnace gas and combustion air depends on the fuel 
and oxidizer. High preheating temperatures require better heat exchangers, to raise the 
temperature to the desired value. The result shows that BFG combusted with air requires the 
highest preheating temperature of 600°C; this is due to the low energy content of BFG and 
high nitrogen content of the air. Since COG has higher energy content than BFG, the 
preheating temperature can be lowered when BFG is mixed with COG. If pure oxygen is used 
as the oxidizer instead of air, the preheating temperature can be lowered due to less nitrogen 
that has to be preheated. 
 

 
Figure 43. Preheating temperatures for Furnace 1 at high production rate. 

The results for Furnace 2 shows almost the same results as for Furnace 1, except with lower 
temperatures. The largest span is for case 3 and 4, which depends on the different mixture of 
BFG and COG. The amount of COG is higher for Furnace 2. 
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Figure 44. Preheating temperature for Furnace 2 at medium production rate. 

 

6.3.2 Adiabatic Flame Temperature 
 
The adiabatic flame temperature* reflects the preheating temperature. The results show that 
the lowest flame temperature is given using BFG and air. Using more COG and oxygen, will 
raise the flame temperature. 
 

 
 
Figure 45. Adiabatic flame temperature* for Furnace 1 at high production rate. 

The difference between Furnace 1 and Furnace 2 are small. The fourth case is the one that 
changed the most, from 1739°C to 1911°C. This is because the mix of COG and BFG 
includes a higher percentage of COG in Furnace 2. 
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Figure 46. Adiabatic flame temperature* for Furnace 2 at medium production rate. 

6.3.3 Radiation from Combustion Gas 
 
The primary heat radiant components in the combustion gas are water and carbon dioxide. 
The results show how many percents, of the combustion gas volume flow, that is radiating 
heat. BFG and oxygen results in the highest percent of radiating gases, this is due to the high 
CO2 content in BFG. 
 

 
Figure 47. Radiating components in combustion gas for Furnace 1 at high production rate. 
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The result is about the same for Furnace 2, except for case 3, where the CO2 is significantly 
lower. This is due to the higher percentage of COG in the Furnace 2 fuel mixture. 
 

 
Figure 48. Radiating components in combustion gas for Furnace 2 at medium production rate. 

 	  

8	  

42,4	  

28,9	  

16,8	   14,9	  

19,4	  

5,1	  

4	  

17,1	  
15,3	  

0	  

5	  

10	  

15	  

20	  

25	  

30	  

35	  

40	  

45	  

50	  

Reference	   C1	  BFG	  (O2)	   C2	  BFG	  (Air)	   C3	  BFG	  (O2)	  
+	  COG	  (Air)	  

C4	  BFG	  (Air)	  
+	  COG	  (Air)	  

Pe
rc
en
ta
ge
	  r
ad
ia
ti
ng
	  g
as
es
	  

H2O	  [%]	  

CO2	  [%]	  



 73 

7. Evaluation of BFG Preheating and Oxyfuel Technologies 
 

7.1 System Effects on The Integrated Steel Plant 
 
Process integration is made to ensure that there is enough BFG gas to phase out the EO5 oil. 
2013 was not a year of full production; thus the calculations are mostly based on 2008, which 
considers as a year with full production rate. In 2008, the delivered sheet metal were 624 000 
tons while, in 2013, it was 481 900 tons [1][33]. The amount of steel, that heats up in the 
furnace, derives from the quantity of sheet metal delivered to the customer 
 
𝐻𝑒𝑎𝑡𝑒𝑑  𝑠𝑡𝑒𝑒𝑙 = !"#$%"&"'  !!!!"  !"#$%

!,!
. (53) 

 
The delivered steel is about 80% of the steel that heats up in the furnaces [34]. The COG 
consumed by the hot rolling mill goes to both furnaces and other applications. The amount of 
COG, which the furnaces solely consumed, is 
 
𝐶𝑂𝐺  𝑡𝑜  𝑓𝑢𝑟𝑛𝑎𝑐𝑒𝑠 = 1,4 · 𝑅𝑒ℎ𝑒𝑎𝑡𝑒𝑑  𝑠𝑡𝑒𝑒𝑙 − 𝐸𝑂5  𝑡𝑜  𝑟𝑜𝑙𝑙𝑖𝑛𝑔  𝑚𝑖𝑙𝑙, (54) 

where 1.4 GJ/ton steel was the average energy consumption for the furnaces [34]. However, 
all EO5 oil consumed in the rolling mill goes solely to the furnaces. 
 
Table 19. Production data 2008, SSAB Oxelösund [33]. 

Production 2008 Annual values 
Delivered sheet metal 624 000 tons 
Reheated steel 780 000 tons 
  
Produced COG 3316 TJ 
COG to rolling mill 1080 TJ 
COG to furnaces 455 TJ (eq (54)) 
EO5 to furnaces 637 TJ 
Total energy to furnaces 1092 TJ 
  
Produced BFG 5888 TJ 
BFG to coke oven 497 TJ 
BFG to power plant 3568 TJ 
BFG to blast furnace hot stove 1372 TJ 
BFG to flaring 450 TJ 
 
The total amount of energy used in the furnaces, per year, was 1092 TJ. The energy, which 
needs to be replaced by BFG, is 637 TJ, i.e. the amount of EO5 oil. The majority of the BFG 
gas was combusted to produce electricity and district heating in the power plant, where the 
generated electricity was 240 GWh. This energy can be converted to 
 
240  𝐺𝑤ℎ · 3600 = 864000  𝐺𝐽 = 864  𝑇𝐽. (55) 

The efficiency of electricity production in a steam cycle is around 33%. To produce 240 GWh 
of electricity, it requires  
 
!"#  !"
!,!!

= 2618  𝑇𝐽. (56) 
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If the electricity production was reduced to   
 

240  𝐺𝑊ℎ −
637  𝑇𝐽 · 0,33

3600
= 240𝐺𝑊ℎ − 58  𝐺𝑊ℎ = 182  𝐺𝑊ℎ 

(57) 

 
there would be enough BFG to cover the part of EO5 oil. 
 
The EO5 oil is assumed to represent 58,3% of the furnace fuel in 2008 while, in 2013, it was 
lowered to 55,9%. If BFG is used instead of EO5, the COG can be used for other applications 
that require a fuel with higher heating value [1]. 
 
Table 20. Production data 2013, SSAB Oxelösund [1]. 

Production 2013 Annual values 
Delivered sheet metal 481 900 tons 
Reheated steel 602 400 tons 
  
COG to furnaces 372 TJ (eq (54)) 
EO5 to furnaces 472 TJ 
Total energy to furnaces 844 TJ 
 
By lowering the electricity production by 24%, there will be enough BFG to supply the 
reheating furnaces. 
 

7.2 Cost Effect 

7.2.1 Variable Cost 
 
The variable cost includes fuels and oxidizers, and the consumption data is chosen from 2008 
due to a full production rate that year. However, the prices are from 2013 year's data. 
 

7.2.1.1 Heavy Oil EO5 
 
The price of EO5 heavy oil depends on the global market price, and as seen in Figure 49, the 
rate has inclined a lot the last ten years. Metallurgical processes in Sweden do not pay taxes 
on the fuel, so the price is based on just the product [35]. In 2013, the price of EO5 oil was 
470 SEK/MWh, which is equal to 130,56 SEK/GJ [36]. 
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Figure 49. Price of EO5 oil from 1995-2013. 

 

7.2.1.2 Coke Oven Gas 
 
The COG gas is produced at the plant, for this reason, it is hard to assume a correct market 
price. Instead, the price is based on the EO5 oil; because both fuels can be used in the same 
applications and should, therefore, have an equal value. The price for COG is then 470 
SEK/MWh or 130,56 SEK/GJ. 
 

7.2.1.3 Blast Furnace Gas 
 
The blast furnace gas is not as valuable as the COG and EO5 oil because it cannot be used in 
the same applications without being preheated, enriched or combusted with oxygen. The price 
of BFG is instead based on the cost of electricity because much BFG gas is used to produce 
electricity.     
 
One kWh of electricity is 
 
1  𝑘𝑊ℎ · 3600 = 3,6  𝑀𝐽. (58) 

The steam cycle used to produce electricity has an efficiency of 33%. The energy required to 
produce 1 kWh of electricity is 
 
!,!  !"
!,!!

= 10,909  𝑀𝐽/𝑘𝑊ℎ. (59) 

 
In 2013, the price of electricity was 340,77 SEK/MWh and the price in SEK/GJ is 
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340,77  𝑆𝐸𝐾/𝑀𝑊ℎ
10909  𝑀𝐽/𝑀𝑊ℎ

= 31,24  𝑆𝐸𝐾/𝐺𝐽 
(60) 

 
The calculated value of BFG gas is 31,24 SEK/GJ. 
 

7.2.1.4 Oxygen 
 
The market price of oxygen is the most difficult to find. The price given here does not have a 
written source but is based on what people in the industry have given verbally. This price is 
between 0,4-1,0 SEK/Nm3. The reason, the price has such broad span, is because the oxygen 
can be produced in different ways dependent on the required consumption rate. The 
consumption of oxygen is calculated to 41803,8 Nm3/TJ-BFG. 
 

7.2.1.5 Total Fuel Cost 
 
The calculations are based on full production rate from 2008. In this year, the furnaces 
consumed 455 TJ of COG gas and 637 TJ of EO5 oil. The total fuel cost in 2008, on the basis 
of 2013 year's energy prices, is 142,57 M SEK. 
 
 
Table 21. Fuel cost using COG and EO5.  

Fuel Energy consumed Cost per GJ Cost 
COG 455 TJ 130,56 SEK/GJ 59,40 M SEK 
EO5 637 TJ 130,56 SEK/GJ 83,17 M SEK 
Total 1092 TJ - 142,57 M SEK 
 
If the EO5 fuel is replaced by the BFG, the total price is instead lowered to 79,3 M SEK. 
 
Table 22. Fuel cost using COG and BFG. 

Fuel Energy consumed Cost per GJ Cost 
COG 455 TJ 130,56 SEK/GJ 59,40 M SEK 
BFG 637 TJ 31,24 SEK/GJ 19,90 M SEK 
Total 1092 TJ - 79,3 M SEK 
 

If oxygen is used as oxidizer, the price is 89,95-105,93 M SEK, dependent on the oxygen 
price. 
 
Table 23. Fuel cost using COG, BFG and oxygen.  

Fuel Energy consumed Cost per GJ Cost 
COG 455 TJ 130,56 SEK/GJ 59,40 M SEK 
BFG 637 TJ 31,24 SEK/GJ 19,90 M SEK 
Oxygen (Low price) 26’629’011 Nm3 0,4 SEK/Nm3 10,65 M SEK 
Oxygen (High price) 26’629’011 Nm3 1,0 SEK/Nm3 26,63 M SEK 
Total 1092 TJ - 89,95-105,93 M SEK 
 
The variable cost in the reference case is 142,57 M SEK. Depending on the price and use 
oxygen the variable cost differs from 79,3 M SEK to 105,93 M SEK. 
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Figure 50. Variable costs. 
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7.2.2 Investment Cost 
 
The investment includes equipment for the furnaces, together with pipeline to supply fuel and 
oxygen. The investment costs shown below, are based on Furnace 1 at full production. 
 
The calculations for this investment are based on two options. In the first option, each furnace 
uses one pebble heater for BFG and one for the air. In the second option, each furnace will 
use one pebble heater for BFG and use the existing recuperator for the air. This second option 
gives a lower investment cost but will most likely decrease the furnace performance. 
 
The assumptions for the investment are the following: 

• One BFG pebble heater for each furnace. 
• One air pebble heater for each furnace (Option 1) or one existing air  

recuperator for each furnace (Option 2). 
• Oxyfuel burners to combust BFG with oxygen. 
• Existing burners to combust COG with air. 

 

 
Figure 51. Schematic picture showing the new system. 

 

7.2.2.1 Pipeline 
 
The current rolling mill has no pipelines to supply blast furnace gas or oxygen. The estimated 
length of the BFG pipeline from the blast furnace to rolling mill is 1300 meters, and the 
maximum volume flow of the gas is calculated to 30000 Nm3/h. The cost estimation is made 
by Linde-gas and is calculated for a pipeline dimension of 1000 mm. The price for the 
pipeline including pipe support is 10,5 M SEK or 12,5 M SEK using stainless steel. 
 
The pipeline for oxygen needs to be 500 meters and supply a volume flow of 3500 Nm3/h. 
Linde-gas cost estimation for the oxygen pipeline is 1500 SEK per meter, which gives a total 
price of 0,75 M SEK. 
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Table 24. Price of pipeline 

Pipeline Length Cost 
Blast furnace gas 1300 meters 10,5 M SEK 
Oxygen 500 meters 0,75 M SEK 
Total - 11,25 M SEK 
 

7.2.2.2 Heat Exchanger 
 
To preheat blast furnace gas to temperatures above 400°C a regular recuperator is not the best 
choice due to carburization explained in an earlier chapter. A better choice is the pebble 
heater. The price of a pebble heater that can supply 20’000 Nm3/h is estimated to 12,69 M 
SEK [37]. The scaling factor for the HEX that is supplying 35’000 Nm3/h is 
 

𝑠𝑐𝑎𝑙𝑖𝑛𝑔  𝑓𝑎𝑐𝑡𝑜𝑟 = (
𝑁𝑒𝑤  𝑣𝑜𝑙𝑢𝑚𝑒  𝑓𝑙𝑜𝑤
𝐸𝑎𝑙𝑖𝑒𝑟  𝑣𝑜𝑙𝑢𝑚𝑒  𝑓𝑙𝑜𝑤

)!,! = (
35000
20000

)!,! = 1,4 
(61) 

 
and the cost for the heat exchanger is then 
 
𝑁𝑒𝑤  𝑐𝑜𝑠𝑡 = 𝐸𝑎𝑟𝑙𝑖𝑒𝑟  𝑐𝑜𝑠𝑡 · 𝑠𝑐𝑎𝑙𝑖𝑛𝑔  𝑓𝑎𝑐𝑡𝑜𝑟 = 12,69 · 1,4 = 17,75  𝑀  𝑆𝐸𝐾. (62) 

Price of a pebble heater for the combustion air is also calculated. The maximum flow of 
combustion air is estimated to 25’000 Nm3/h. Using the same equations as above the price is 
estimated to 14,51 M SEK. In Option 2, each furnace requires one BFG and one air pebble 
heater, which gives a total of 4 pebble heaters. 
 
Table 25. Price of heat exchangers. 

Pebble heater Number Maximum volume flow Price 
BFG 2 35000 Nm3/h 35,50 M SEK 
Combustion Air 2 25000 Nm3/h 29,02 M SEK 
 
In option 1 the investment includes only BFG HEX, which gives a total cost of 35,50 M SEK. 
For option 2 the investment includes both BFG and Air HEX, which gives a total cost of 
64,52 M SEK. 
 

7.2.2.3 Burner 
 
Furnace 1 has 6 zones with 34 burners while Furnace 2 have 3 zones with 17 burners. The 
price of an oxyfuel burner is estimated to 80’000 SEK each [39]. Together with the burners 
there is cost for piping and installation. The piping cost is estimated to 80’000 SEK and the 
installation to 160’000 SEK [37]. The total cost for each burner is summed to 320’000 SEK. 
The old existing burners will continue to be used for combusting COG with air. 
 
Table 26. Price of oxyfuel burners. 

 Burners Cost/burner Cost 
Furnace 1 34 320’000 SEK 10,88 M SEK 
Furnace 2 17 320’000 SEK 5,440 M SEK 
Total 51 320’000 SEK 16,32 M SEK 
 
The total price for the two furnaces with a total of 51 burners is 16,32 M SEK. 
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7.2.2.4 Control System 
 
The furnaces require a control system for each operating zone. A rough estimate of a control 
system is about 2 M SEK for each zone [39]. Furnace 1 has 6 zones, and Furnace 2 has 3 
zones. This gives a total of 9 control systems. The total cost for all control systems is 
estimated to 18 M SEK.  
 
 
Table 27. Price of control system. 

 Zones Cost/zone Cost 
Furnace 1 6 2 M SEK 12 M SEK 
Furnace 2 3 2 M SEK 6 M SEK 
Total 9 2 M SEK 18 M SEK 
 

7.2.2.5 Project Design and Management 
 
The cost for project design and management is roughly estimated by taking 20% of the 
material and installation cost and add 1 M SEK [37]. The cost sums up to 17,22 M SEK for 
option 1 and 23,02 M SEK for option 2. 
 
Table 28. Price for project design and management. 

Design and management Fixed cost Variable cost (20%) Total 
Option 1 1 M SEK 16,22 M SEK 17,22 M SEK 
Option 2 1 M SEK 22,02 M SEK 23,02 M SEK 
 

7.2.2.6 Operational Optimization 
 
When everything is installed there is need for calibration and optimization plus unexpected 
costs. These costs were estimated by Swerea MEFOS to be around 8 M SEK [37]. 
 

7.2.2.7 Total Cost 
 
System PL HEX Burner C S D & S Opt Total [M SEK] 
Option 1 11,25 35,51 16,32 18 17,22 8 106,3 
Option 2 11,25 64,52 16,32 18 23,02 8 141,1 
 
The total cost sums up to 106,3 M SEK using existing recuperators for air and new pebble 
heaters for BFG (Option 1). If new pebble heaters are used for air the total investment cost 
increases to 141,1 M SEK (Option 2). 
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Figure 52. Investment cost. 

 

7.3 Payback Time 
 
A simple payback without interest rate is calculated. Since the price of oxygen has such a 
large price span two prices will be used, one for lower, and one for the upper range. An 
assumption is made that the furnace energy demand is the same independent of which fuel is 
used. For Furnace 1 at full production, the difference between the highest and lowest energy 
demand is less than 1%. 
 
There are two options for the investment. The first option includes new pebble heaters to 
preheat BFG and the use of existing recuperators to preheat air. In the second option, new 
pebble heaters are used both for BFG and air. The investment cost is 106,3 M SEK for the 
first option and 141,1 M SEK for the second option. The fuel price is calculated to 142,57 M 
SEK using 2008 years fuel consumption and 2013 years fuel price. If BFG is replacing EO5, 
the fuel price is lowered to 79,3 M SEK, and the oxygen cost is estimated to 10,65-26,63 M 
SEK. This gives a new variable cost of 89,95 to 105,93 M SEK dependent on the oxygen 
price. 
 
Table 29. Payback time. 

 Investment cost Variable cost Payback time 
Reference - 142,57 M SEK - 
Option 1, Low price O2 106,3 M SEK 89,95 M SEK N.A.* 
Option 2, Low price O2 141,1 M SEK 89,95 M SEK < 2 years 9 months 
Option 2, High price O2 141,1 M SEK 105,93 M SEK < 3 years 11 months 
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The results show that the payback time varies from 2 years and 9 months up to 3 years and 11 
months dependent on the oxygen price. 
 

 
Figure 53. Payback time in years. 

* Payback time for Option 1 is not applicable (N.A.) for comparison with the pebble heater 
(PH) option. Since, using the existing recuperators will not give the same performance, as the 
use of new PH regenerative heat exchangers for preheating combustion air. The potential loss 
of productivity and reduced fuel efficiency with the lower combustion air temperature has not 
been evaluated. A more detailed technical and economic analysis is left for future research. 
 

7.4 CO2 Emission Reduction 
 
In 2008, the furnaces consumed 1092 TJ of energy where EO5 accounted for 637 TJ and 
COG for 455 TJ. Both EO5 and COG is fossil fuels and emits CO2 when combusted. EO5 
emits 73,4 tons of CO2 per TJ and COG 41,8 tons per TJ. BFG on the other hand, emits 307,4 
tons per TJ, which is due to the large amount of CO2 that already is in the fuel. 
 
 EO5 COG BFG (replacement of EO5) 
Energy consumption 2008 637 TJ 455 TJ 637 TJ 
CO2 Emissions per TJ 73,4 tons/TJ 41,8 tons/TJ 307,4 tons/TJ 
Total CO2 emissions 46700 tons 19000 tons 195800 tons 
 
SSAB Oxelösund emitted 2 334 970 tons of CO2 in 2008 where the furnaces stood for 65 700 
tons [33]. If the EO5 fuel is replaced by BFG, the CO2 emissions in reheating furnace will 
increase. However, from the entire steel plant point of view, less BFG will be combusted in 
the power plant. Thus, the total CO2 emissions will be lowered by 46 700 tons due to oil 
replacement at the reheating furnaces.  
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8. Concluding Remarks and Discussion 
 
The result shows that when blast furnace gas (BFG) is combusted it requires a high 
preheating temperature to supply enough energy to the furnace. The highest preheating 
temperature is required when BFG is combusted with air. If oxygen is used, a lower 
temperature is acceptable. 
  
The lowest adiabatic flame temperature is shown when BFG is combusted with air. If BFG is 
combusted with oxygen, the temperature increases considerably. Highest flame temperature is 
reached when BFG is combined with coke oven gas (COG). 
 
The highest percentage, of radiating combustion gas, is showing when BFG is combusted 
with oxygen. This is due to the high carbon dioxide content in the fuel. 
 
The process integration analysis shows that a lot of the BFG is combusted in the power plant 
to produce electricity and heat for the district heating. In the year 2008, 637 TJ of EO5 oil 
was used in the furnaces, and 2618 TJ of BFG was used to produce electricity. Therefore, the 
EO5 oil can easily be replaced with BFG.  
 
The cost of EO5 and COG is estimated to cost 130,56 SEK/GJ and the BFG to cost 31,24 
SEK/GJ respectively. The price of EO5 and COG is based on 2013 years price for EO5 while 
BFG is based on the price of produced electricity. By replacing EO5, the fuel cost will 
decrease from 142,57 M SEK to 79,3 M SEK. The cost of oxygen is estimated to 10,65-26,63 
M SEK depending on the actual market price. The total cost with the use of oxygen is then 
estimated to 89,95-105,93 M SEK. The variable cost will decrease at a minimum of 25%.  
 
The investment is divided into two options. Option 1 includes only new Pebble Heater 
regenerative heat exchangers to preheat BFG, while the second option includes the same as in 
option 1 but with the addition of two new heat exchangers to also preheat combustion air. The 
first investment option has a cost of 106,3 M SEK, and the second 141,1 M SEK. The 
payback time for option 2 is estimated to be from 3 to 4 years depending on the price of 
oxygen. 
 
Blast furnace gas emits 307,4 tons of CO2, for every TJ of energy that is combusted. 
Compared to both EO5 and COG it is 4-8 times as much, which is due to the large amount of 
CO2 that is already in the fuel from the blast furnace process. If the BFG is to replace the EO5 
oil, the steel plant’s CO2 emissions will decrease by 46 700 tons per year, and the electricity 
production will decrease by 58 GWh per year.  
 
EO5 is the only fuel that is fairly easy to estimate a price for. Both COG and BFG are 
produced at the plant and do not have a market price. Both fuels are byproducts, which can be 
seen both as an asset or a liability depending on the point of view. In this study, the COG 
price is based on EO5 since it can be used in same applications. BFG, on the other hand, has a 
considerable lower heating value than EO5 and COG, which makes it unusable for many 
applications without being upgraded. The price is for this reason based on electricity 
production, which is a common way to get rid of the byproduct. 
As discussed earlier, the BFG shall be combusted with oxygen for best operation results. The 
price of oxygen shall, therefore, be included in the variable costs. Independent of where the 
oxygen price is placed in the interval, the costs will decrease significantly.  
 
It is hard to estimate a complete investment calculation, and like most other, will this 
calculation also include some estimations. The heat exchanger cost is based on a real 
quotation, which is scaled to fit the current volume flows. However, there are still more facts 
to consider, like the heat rate that needs to be exchanged. The investment for one heat 



 84 

exchanger is based on operation with only BFG and oxygen. But one probably still wants to 
combust COG with air, which makes the investment cost for two HEX is the first-hand 
choice. Since the investment cost is hard to predict, the payback time may also change. For 
best performance, BFG shall be oxidized with oxygen. The payback span is then decreased to 
between 1 year and 10 months, and 2 years and 8 months. 
 
Blast furnace gas is a heavy polluter of CO2, considering CO2 emissions per energy unit. This 
makes it a very environmental unsuitable fuel to produce electricity compared to Sweden’s 
high amount of environmentally green electricity production, where hydropower accounts for 
a large percentage. The BFG is, however, a byproduct from the blast furnace and is toxic 
unless it is combusted. Producing electricity is always better than flaring, but the best choice 
is to use the fuel in another process of the production line, like the reheating furnaces.  
 
However, this thesis is made with simplifications and assumptions for the studied systems, 
and do not include a heat transfer study. Which most likely mean that the different cases 
cannot produce the same amount of hot steel, and the suggested configurations may or may 
not work as outlined in the cases. This leads to the conclusion that they cannot be compared 
to each other but rather serve as indications that need to be verified by a heat transfer study. 
 

8.1 Recommendations and Future Work 
 
The most important limitation of this study is that the heat transfer inside the furnace is not 
taken into account. Different fuels and oxidizers will give different combustion gas 
temperature, mass flow, and composition, which affect the heat transfer to the slabs. Many 
assumptions had to be made, for example that the combustion gas temperature and furnace 
heat loss is the same in comparing cases. Both these factors depend on variables like slab heat 
transfer, adiabatic flame temperature, combustion gas volume flow and composition.  
This leads to the conclusion that the cases cannot be compared to each other but rather serve 
as indications that need to be verified by a heat transfer study. 
 

• The study includes calculations of the available heat based on the lower heating value 
to analyze the thermodynamics for implementing preheated BFG-oxyfuel combustion 
for a few selected cases. More cases could be investigated to find the optimum 
solution for SSAB. 

• Pebble heater regenerative heat exchangers were chosen for obtaining high gas 
temperatures when preheating BFG. These heat exchangers can give higher gas 
temperatures compared to traditional recuperative types but are normally more 
expensive. Future work could include analyzing the use of recuperative heat 
exchangers to preheat the BFG. 

• The radiating part of the heat transfer from combustion gases is controlled by the gas 
emissivity and temperature. The gas emissivity has not been calculated in this study. 
The highest percentage of radiating combustion gases were found when combusting 
BFG, so future work could be a heat transfer study including calculations of the new 
combustion gas emissivity. 

 
With this conclusion it is recommend to use oxygen when combusting blast furnace gas. This 
is positive in every way considering the furnace operation. It increases the flame temperature, 
decreases requirements of the heat exchangers and upgrades the combustion gas composition. 
There are a lot to be done before an actual implementation of BFG is in question. Both further 
simulations and real tests are preferred. If Steeltemp® is rewritten to include BFG it will be 
good software to further investigate heat transfer changes with the new technology. A project 
is initiated at Swerea MEFOS to test preheated BFG and oxy-fuel, these tests can be used to 
evaluate the theoretical work of this study. Since the BFG heat exchanger is an important part 
of this study there would be good to do further calculations to find an accurate price. 
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* Note: Adiabatic flame temperatures in this report were not calculated with gas 
dissociation. 
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10. Appendix 
10.1 Enthalpy Tables 
 
Table 30. Enthalpy table for carbon monoxide. 

CO	   Set	  Temp	  (K)	  
hs	  
(kJ/Nm3)	   	  	   	  	  

hf	  
(kJ/Nm3)	  

	  	   500	  
	  

265,00	  
	   	  

-‐4933	  
Molar	  mass	  (kg/kmol)	   28,01	  

	   	   	   	  
	  	  

Density	  (kg/Nm3)	  STP	   1,25	   	  	   	  	   	  	   	  	   	  	  

Temp	  (K)	   hs	  (kJ/kmol)	   hs	  (kJ/kg)	  
hs	  
(kJ/Nm3)	  

hf	  
(kJ/kmol)	   hf	  (kJ/kg)	  

hf	  
(kJ/Nm3)	  

200	   -‐2835	   -‐101	   -‐127	   -‐111308	   -‐3974	   -‐4967	  
298	   0	   0	   0	   -‐110541	   -‐3946	   -‐4933	  
300	   54	   2	   2	   -‐110530	   -‐3946	   -‐4933	  
400	   2979	   106	   133	   -‐110121	   -‐3931	   -‐4914	  
500	   5943	   212	   265	   -‐110017	   -‐3928	   -‐4910	  
600	   8955	   320	   400	   -‐110156	   -‐3933	   -‐4916	  
700	   12029	   429	   537	   -‐110477	   -‐3944	   -‐4930	  
800	   15176	   542	   677	   -‐110924	   -‐3960	   -‐4950	  
900	   18401	   657	   821	   -‐111450	   -‐3979	   -‐4974	  

1000	   21697	   775	   968	   -‐112022	   -‐3999	   -‐4999	  
1100	   25046	   894	   1118	   -‐112619	   -‐4021	   -‐5026	  
1200	   28440	   1015	   1269	   -‐113240	   -‐4043	   -‐5054	  
1300	   31874	   1138	   1422	   -‐113881	   -‐4066	   -‐5082	  
1400	   35345	   1262	   1577	   -‐114543	   -‐4089	   -‐5112	  
1500	   38847	   1387	   1734	   -‐115225	   -‐4114	   -‐5142	  
1600	   42379	   1513	   1891	   -‐115925	   -‐4139	   -‐5173	  
1700	   45937	   1640	   2050	   -‐116644	   -‐4164	   -‐5205	  
1800	   49517	   1768	   2210	   -‐117380	   -‐4191	   -‐5238	  
1900	   53118	   1896	   2370	   -‐118132	   -‐4217	   -‐5272	  
2000	   56737	   2026	   2532	   -‐118902	   -‐4245	   -‐5306	  
2100	   60371	   2155	   2694	   -‐119687	   -‐4273	   -‐5341	  
2200	   64020	   2286	   2857	   -‐120488	   -‐4302	   -‐5377	  
2300	   67682	   2416	   3020	   -‐121305	   -‐4331	   -‐5413	  
2400	   71354	   2547	   3184	   -‐122137	   -‐4360	   -‐5451	  
2500	   75036	   2679	   3349	   -‐122984	   -‐4391	   -‐5488	  
2600	   78727	   2811	   3513	   -‐123847	   -‐4422	   -‐5527	  
2700	   82426	   2943	   3678	   -‐124724	   -‐4453	   -‐5566	  
2800	   86132	   3075	   3844	   -‐125616	   -‐4485	   -‐5606	  
2900	   89844	   3208	   4009	   -‐126523	   -‐4517	   -‐5646	  
3000	   93562	   3340	   4175	   -‐127446	   -‐4550	   -‐5688	  
3100	   97287	   3473	   4342	   -‐128383	   -‐4583	   -‐5729	  
3200	   101016	   3606	   4508	   -‐129335	   -‐4617	   -‐5772	  
3300	   104751	   3740	   4675	   -‐130303	   -‐4652	   -‐5815	  
3400	   108490	   3873	   4842	   -‐131285	   -‐4687	   -‐5859	  
3500	   112235	   4007	   5009	   -‐132283	   -‐4723	   -‐5903	  
3600	   115985	   4141	   5176	   -‐133295	   -‐4759	   -‐5949	  
3700	   119739	   4275	   5344	   -‐134232	   -‐4792	   -‐5990	  
3800	   123499	   4409	   5511	   -‐135366	   -‐4833	   -‐6041	  
3900	   127263	   4543	   5679	   -‐136424	   -‐4871	   -‐6088	  
4000	   131032	   4678	   5848	   -‐137497	   -‐4909	   -‐6136	  
4100	   134806	   4813	   6016	   -‐138585	   -‐4948	   -‐6185	  
4200	   138585	   4948	   6185	   -‐139687	   -‐4987	   -‐6234	  
4300	   142368	   5083	   6353	   -‐140804	   -‐5027	   -‐6284	  
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4400	   146156	   5218	   6522	   -‐141935	   -‐5067	   -‐6334	  
4500	   149948	   5353	   6692	   -‐143079	   -‐5108	   -‐6385	  
4600	   153743	   5489	   6861	   -‐144236	   -‐5149	   -‐6437	  
4700	   157541	   5624	   7031	   -‐145407	   -‐5191	   -‐6489	  
4800	   161342	   5760	   7200	   -‐146589	   -‐5233	   -‐6542	  
4900	   165145	   5896	   7370	   -‐147783	   -‐5276	   -‐6595	  

 
Table 31. Enthalpy table for carbon dioxide. 

CO2	   Set	  Temp	  (K)	  
hs	  
(kJ/Nm3)	   	  	   	  	   hf	  (kJ/Nm3)	  

	  
500	  

	  
373,00	  

	   	  
-‐17678	  

Molar	  mass	  (kg/kmol)	   44,011	  
	   	   	   	  

	  	  
Density	  (kg/Nm3)	  STP	   1,977	   	  	   	  	   	  	   	  	   	  	  

Temp	  (K)	   hs	  (kJ/kmol)	   hs	  (kJ/kg)	  
hs	  
(kJ/Nm3)	   hf	  (kJ/kmol)	   hf	  (kJ/kg)	   hf	  (kJ/Nm3)	  

200	   -‐3423	   -‐78	   -‐154	   -‐393483	   -‐8941	   -‐17675	  
298	   0	   0	   0	   -‐393546	   -‐8942	   -‐17678	  
300	   69	   2	   3	   -‐393547	   -‐8942	   -‐17678	  
400	   4003	   91	   180	   -‐393617	   -‐8944	   -‐17682	  
500	   8301	   189	   373	   -‐393712	   -‐8946	   -‐17686	  
600	   12899	   293	   579	   -‐393844	   -‐8949	   -‐17692	  
700	   17749	   403	   797	   -‐394013	   -‐8953	   -‐17699	  
800	   22810	   518	   1025	   -‐394213	   -‐8957	   -‐17708	  
900	   28047	   637	   1260	   -‐394433	   -‐8962	   -‐17718	  

1000	   33425	   759	   1501	   -‐394659	   -‐8967	   -‐17728	  
1100	   38911	   884	   1748	   -‐394875	   -‐8972	   -‐17738	  
1200	   44488	   1011	   1998	   -‐395083	   -‐8977	   -‐17747	  
1300	   50149	   1139	   2253	   -‐395287	   -‐8982	   -‐17757	  
1400	   55882	   1270	   2510	   -‐395488	   -‐8986	   -‐17766	  
1500	   61681	   1401	   2771	   -‐395691	   -‐8991	   -‐17775	  
1600	   67538	   1535	   3034	   -‐395897	   -‐8995	   -‐17784	  
1700	   73446	   1669	   3299	   -‐396110	   -‐9000	   -‐17793	  
1800	   79399	   1804	   3567	   -‐396332	   -‐9005	   -‐17803	  
1900	   85392	   1940	   3836	   -‐396564	   -‐9011	   -‐17814	  
2000	   91420	   2077	   4107	   -‐396808	   -‐9016	   -‐17825	  
2100	   97477	   2215	   4379	   -‐397065	   -‐9022	   -‐17836	  
2200	   103562	   2353	   4652	   -‐397338	   -‐9028	   -‐17849	  
2300	   109670	   2492	   4926	   -‐397626	   -‐9035	   -‐17862	  
2400	   115798	   2631	   5202	   -‐397931	   -‐9042	   -‐17875	  
2500	   121944	   2771	   5478	   -‐398253	   -‐9049	   -‐17890	  
2600	   128107	   2911	   5755	   -‐398594	   -‐9057	   -‐17905	  
2700	   134284	   3051	   6032	   -‐398952	   -‐9065	   -‐17921	  
2800	   140474	   3192	   6310	   -‐399329	   -‐9073	   -‐17938	  
2900	   146677	   3333	   6589	   -‐399725	   -‐9082	   -‐17956	  
3000	   152891	   3474	   6868	   -‐400140	   -‐9092	   -‐17975	  
3100	   159116	   3615	   7148	   -‐400573	   -‐9102	   -‐17994	  
3200	   165351	   3757	   7428	   -‐401025	   -‐9112	   -‐18014	  
3300	   171597	   3899	   7708	   -‐401495	   -‐9123	   -‐18035	  
3400	   177853	   4041	   7989	   -‐401983	   -‐9134	   -‐18057	  
3500	   184120	   4183	   8271	   -‐402489	   -‐9145	   -‐18080	  
3600	   190397	   4326	   8553	   -‐403013	   -‐9157	   -‐18104	  
3700	   196685	   4469	   8835	   -‐403553	   -‐9169	   -‐18128	  
3800	   202983	   4612	   9118	   -‐404110	   -‐9182	   -‐18153	  
3900	   209293	   4755	   9402	   -‐404684	   -‐9195	   -‐18179	  
4000	   215613	   4899	   9685	   -‐405273	   -‐9208	   -‐18205	  
4100	   221945	   5043	   9970	   -‐405878	   -‐9222	   -‐18232	  
4200	   228287	   5187	   10255	   -‐406499	   -‐9236	   -‐18260	  
4300	   234640	   5331	   10540	   -‐407135	   -‐9251	   -‐18289	  
4400	   241002	   5476	   10826	   -‐407785	   -‐9266	   -‐18318	  
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4500	   247373	   5621	   11112	   -‐408451	   -‐9281	   -‐18348	  
4600	   253752	   5766	   11399	   -‐409132	   -‐9296	   -‐18378	  
4700	   260138	   5911	   11686	   -‐409828	   -‐9312	   -‐18410	  
4800	   266528	   6056	   11973	   -‐410539	   -‐9328	   -‐18442	  
4900	   272920	   6201	   12260	   -‐411267	   -‐9345	   -‐18474	  
5000	   279313	   6346	   12547	   -‐412010	   -‐9362	   -‐18508	  

 
 
Table 32. Enthalpy table for oxygen. 

O2	   Set	  Temp	   	  	   hs	  (kJ/Nm3)	   	  	  
hf	  
(kJ/Nm3)	  

	  	   500	  
	  

272,3	  
	   	  

0	  
Molar	  mass	  (kg/kmol)	   31,999	  

	   	   	   	  
	  	  

Density	  (kg/Nm3)	  STP	   1,429	   	  	   	  	   	  	   	  	   	  	  

Temp	  (K)	   hs	  (kJ/kmol)	   hs	  (kJ/kg)	  
hs	  
(kJ/Nm3)	  

hf	  
(kJ/kmol)	  

hf	  
(kJ/kg)	  

hf	  
(kJ/Nm3)	  

200	   -‐2836	   -‐89	   -‐127	   0	   0	   0	  
298	   0	   0	   0	   0	   0	   0	  
300	   54	   2	   2	   0	   0	   0	  
400	   3031	   95	   135	   0	   0	   0	  
500	   6097	   191	   272	   0	   0	   0	  
600	   9254	   289	   413	   0	   0	   0	  
700	   12503	   391	   558	   0	   0	   0	  
800	   15838	   495	   707	   0	   0	   0	  
900	   19250	   602	   860	   0	   0	   0	  

1000	   22721	   710	   1015	   0	   0	   0	  
1100	   26232	   820	   1171	   0	   0	   0	  
1200	   29775	   930	   1330	   0	   0	   0	  
1300	   33350	   1042	   1489	   0	   0	   0	  
1400	   36955	   1155	   1650	   0	   0	   0	  
1500	   40590	   1268	   1813	   0	   0	   0	  
1600	   44253	   1383	   1976	   0	   0	   0	  
1700	   47943	   1498	   2141	   0	   0	   0	  
1800	   51660	   1614	   2307	   0	   0	   0	  
1900	   55402	   1731	   2474	   0	   0	   0	  
2000	   59169	   1849	   2642	   0	   0	   0	  
2100	   62959	   1968	   2812	   0	   0	   0	  
2200	   66773	   2087	   2982	   0	   0	   0	  
2300	   70609	   2207	   3153	   0	   0	   0	  
2400	   74467	   2327	   3326	   0	   0	   0	  
2500	   78346	   2448	   3499	   0	   0	   0	  
2600	   82245	   2570	   3673	   0	   0	   0	  
2700	   86164	   2693	   3848	   0	   0	   0	  
2800	   90103	   2816	   4024	   0	   0	   0	  
2900	   94060	   2939	   4200	   0	   0	   0	  
3000	   98036	   3064	   4378	   0	   0	   0	  
3100	   102029	   3189	   4556	   0	   0	   0	  
3200	   106040	   3314	   4735	   0	   0	   0	  
3300	   110068	   3440	   4915	   0	   0	   0	  
3400	   114112	   3566	   5096	   0	   0	   0	  
3500	   118173	   3693	   5277	   0	   0	   0	  
3600	   122249	   3820	   5459	   0	   0	   0	  
3700	   126341	   3948	   5642	   0	   0	   0	  
3800	   130448	   4077	   5826	   0	   0	   0	  
3900	   134570	   4205	   6010	   0	   0	   0	  
4000	   138705	   4335	   6194	   0	   0	   0	  
4100	   142855	   4464	   6380	   0	   0	   0	  
4200	   147019	   4594	   6566	   0	   0	   0	  
4300	   151195	   4725	   6752	   0	   0	   0	  
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4400	   155384	   4856	   6939	   0	   0	   0	  
4500	   159586	   4987	   7127	   0	   0	   0	  
4600	   163800	   5119	   7315	   0	   0	   0	  
4700	   168026	   5251	   7504	   0	   0	   0	  
4800	   172262	   5383	   7693	   0	   0	   0	  
4900	   176510	   5516	   7883	   0	   0	   0	  
5000	   180767	   5649	   8073	   0	   0	   0	  

 
 
 
Table 33. Enthalpy table for nitrogen. 

N2	   Set	  Temp	   	  	   hs	  (kJ/Nm3)	   	  	   hf	  (kJ/Nm3)	  
	  	   500	   	   264,3	   	   	   0	  
Molar	  mass	  (kg/kmol)	   28,013	   	   	   	   	   	  	  
Density	  (kg/Nm3)	  STP	   1,2506	   	  	   	  	   	  	   	  	   	  	  
Temp	  (K)	   hs	  (kJ/kmol)	   hs	  (kJ/kg)	   hs	  (kJ/Nm3)	   hf	  (kJ/kmol)	   hf	  (kJ/kg)	   hf	  (kJ/Nm3)	  

200	   -‐2841	   -‐101	   -‐127	   0	   0	   0	  
298	   0	   0	   0	   0	   0	   0	  
300	   54	   2	   2	   0	   0	   0	  
400	   2973	   106	   133	   0	   0	   0	  
500	   5920	   211	   264	   0	   0	   0	  
600	   8905	   318	   398	   0	   0	   0	  
700	   11942	   426	   533	   0	   0	   0	  
800	   15046	   537	   672	   0	   0	   0	  
900	   18222	   650	   813	   0	   0	   0	  

1000	   21468	   766	   958	   0	   0	   0	  
1100	   24770	   884	   1106	   0	   0	   0	  
1200	   28118	   1004	   1255	   0	   0	   0	  
1300	   31510	   1125	   1407	   0	   0	   0	  
1400	   34939	   1247	   1560	   0	   0	   0	  
1500	   38404	   1371	   1714	   0	   0	   0	  
1600	   41899	   1496	   1871	   0	   0	   0	  
1700	   45423	   1621	   2028	   0	   0	   0	  
1800	   48971	   1748	   2186	   0	   0	   0	  
1900	   52541	   1876	   2346	   0	   0	   0	  
2000	   56130	   2004	   2506	   0	   0	   0	  
2100	   59738	   2133	   2667	   0	   0	   0	  
2200	   63360	   2262	   2829	   0	   0	   0	  
2300	   66997	   2392	   2991	   0	   0	   0	  
2400	   70645	   2522	   3154	   0	   0	   0	  
2500	   74305	   2653	   3317	   0	   0	   0	  
2600	   77974	   2783	   3481	   0	   0	   0	  
2700	   81652	   2915	   3645	   0	   0	   0	  
2800	   85338	   3046	   3810	   0	   0	   0	  
2900	   89031	   3178	   3975	   0	   0	   0	  
3000	   92730	   3310	   4140	   0	   0	   0	  
3100	   96436	   3443	   4305	   0	   0	   0	  
3200	   100148	   3575	   4471	   0	   0	   0	  
3300	   103865	   3708	   4637	   0	   0	   0	  
3400	   107587	   3841	   4803	   0	   0	   0	  
3500	   111315	   3974	   4969	   0	   0	   0	  
3600	   115048	   4107	   5136	   0	   0	   0	  
3700	   118786	   4240	   5303	   0	   0	   0	  
3800	   122528	   4374	   5470	   0	   0	   0	  
3900	   126276	   4508	   5637	   0	   0	   0	  
4000	   130028	   4642	   5805	   0	   0	   0	  
4100	   133786	   4776	   5973	   0	   0	   0	  
4200	   137548	   4910	   6141	   0	   0	   0	  
4300	   141314	   5045	   6309	   0	   0	   0	  



 92 

4400	   145085	   5179	   6477	   0	   0	   0	  
4500	   148860	   5314	   6646	   0	   0	   0	  
4600	   152639	   5449	   6814	   0	   0	   0	  
4700	   156420	   5584	   6983	   0	   0	   0	  
4800	   160205	   5719	   7152	   0	   0	   0	  
4900	   163991	   5854	   7321	   0	   0	   0	  
5000	   167778	   5989	   7490	   0	   0	   0	  

 
 
Table 34.Enthalpy table for water. 

H2O	   Set	  Temp	  (K)	   hs	  (kJ/Nm3)	   	  	   	  	  
hf	  
(kJ/Nm3)	  

	  	   500	  
	  

310	  
	   	  

-‐10793	  
Molar	  mass	  
(kg/kmol)	   18,016	  

	   	   	   	  
	  	  

Density	  (kg/Nm3)	  
STP	   0,804	   	  	   	  	   	  	   	  	   	  	  

Temp	  (K)	   hs	  (kJ/kmol)	   hs	  (kJ/kg)	   hs	  (kJ/Nm3)	  
hf	  
(kJ/kmol)	   hf	  (kJ/kg)	  

hf	  
(kJ/Nm3)	  

200	   -‐3227	   -‐179	   -‐144	   -‐240838	   -‐13368	   -‐10748	  
298	   0	   0	   0	   -‐241845	   -‐13424	   -‐10793	  
300	   62	   3	   3	   -‐241865	   -‐13425	   -‐10794	  
400	   3458	   192	   154	   -‐242858	   -‐13480	   -‐10838	  
500	   6947	   386	   310	   -‐243822	   -‐13534	   -‐10881	  
600	   10528	   584	   470	   -‐244753	   -‐13585	   -‐10923	  
700	   14209	   789	   634	   -‐245638	   -‐13634	   -‐10962	  
800	   18005	   999	   804	   -‐246461	   -‐13680	   -‐10999	  
900	   21930	   1217	   979	   -‐247209	   -‐13722	   -‐11032	  

1000	   25993	   1443	   1160	   -‐247879	   -‐13759	   -‐11062	  
1100	   30191	   1676	   1347	   -‐248475	   -‐13792	   -‐11089	  
1200	   34518	   1916	   1540	   -‐249005	   -‐13821	   -‐11112	  
1300	   38963	   2163	   1739	   -‐249477	   -‐13848	   -‐11133	  
1400	   43520	   2416	   1942	   -‐249895	   -‐13871	   -‐11152	  
1500	   48181	   2674	   2150	   -‐250267	   -‐13891	   -‐11169	  
1600	   52939	   2938	   2363	   -‐250597	   -‐13910	   -‐11183	  
1700	   57786	   3207	   2579	   -‐250890	   -‐13926	   -‐11196	  
1800	   62717	   3481	   2799	   -‐251151	   -‐13940	   -‐11208	  
1900	   67725	   3759	   3022	   -‐251384	   -‐13953	   -‐11219	  
2000	   72805	   4041	   3249	   -‐251594	   -‐13965	   -‐11228	  
2100	   77952	   4327	   3479	   -‐251783	   -‐13976	   -‐11236	  
2200	   83160	   4616	   3711	   -‐251955	   -‐13985	   -‐11244	  
2300	   88426	   4908	   3946	   -‐252113	   -‐13994	   -‐11251	  
2400	   93744	   5203	   4184	   -‐252261	   -‐14002	   -‐11258	  
2500	   99112	   5501	   4423	   -‐252399	   -‐14010	   -‐11264	  
2600	   104524	   5802	   4665	   -‐252532	   -‐14017	   -‐11270	  
2700	   109979	   6105	   4908	   -‐252659	   -‐14024	   -‐11275	  
2800	   115472	   6409	   5153	   -‐252785	   -‐14031	   -‐11281	  
2900	   121001	   6716	   5400	   -‐252909	   -‐14038	   -‐11287	  
3000	   126563	   7025	   5648	   -‐253034	   -‐14045	   -‐11292	  
3100	   132156	   7335	   5898	   -‐253161	   -‐14052	   -‐11298	  
3200	   137777	   7647	   6149	   -‐253290	   -‐14059	   -‐11304	  
3300	   143426	   7961	   6401	   -‐253423	   -‐14067	   -‐11310	  
3400	   149099	   8276	   6654	   -‐253561	   -‐14074	   -‐11316	  
3500	   154795	   8592	   6908	   -‐253704	   -‐14082	   -‐11322	  
3600	   160514	   8910	   7163	   -‐253852	   -‐14090	   -‐11329	  
3700	   166252	   9228	   7419	   -‐254007	   -‐14099	   -‐11336	  
3800	   172011	   9548	   7676	   -‐254169	   -‐14108	   -‐11343	  
3900	   177787	   9868	   7934	   -‐254338	   -‐14117	   -‐11350	  
4000	   183582	   10190	   8193	   -‐254515	   -‐14127	   -‐11358	  
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4100	   189392	   10512	   8452	   -‐254699	   -‐14137	   -‐11366	  
4200	   195219	   10836	   8712	   -‐254892	   -‐14148	   -‐11375	  
4300	   201061	   11160	   8973	   -‐255093	   -‐14159	   -‐11384	  
4400	   206918	   11485	   9234	   -‐255303	   -‐14171	   -‐11393	  
4500	   212790	   11811	   9496	   -‐255522	   -‐14183	   -‐11403	  
4600	   218674	   12138	   9759	   -‐255751	   -‐14196	   -‐11413	  
4700	   224573	   12465	   10022	   -‐255990	   -‐14209	   -‐11424	  
4800	   230484	   12793	   10286	   -‐256239	   -‐14223	   -‐11435	  
4900	   236407	   13122	   10550	   -‐256501	   -‐14237	   -‐11447	  
5000	   242343	   13452	   10815	   -‐256774	   -‐14253	   -‐11459	  

 
Table 35. Enthalpy table for hydrogen. 

H2	   Set	  Temp	  (K)	  
hs	  
(kJ/Nm3)	   	  	   	  	   hf	  (kJ/Nm3)	  

	  
500	  

	  
262,00	  

	   	  
0	  

Molar	  mass	  
(kg/kmol)	   2,016	  

	   	   	   	  
	  	  

Density	  (kg/Nm3)	  
STP	   0,0899	   	  	   	  	   	  	   	  	   	  	  

Temp	  (K)	   hs	  (kJ/kmol)	   hs	  (kJ/kg)	  
hs	  
(kJ/Nm3)	   hf	  (kJ/kmol)	   hf	  (kJ/kg)	   hf	  (kJ/Nm3)	  

200	   -‐2818	   -‐1398	   -‐126	  
	   	  

	  	  
298	   0	   0	   0	   0	   0	   0	  
300	   53	   26	   2	  

	   	  
	  	  

400	   2954	   1465	   132	  
	   	  

	  	  
500	   5874	   2914	   262	  

	   	  
	  	  

600	   8807	   4369	   393	  
	   	  

	  	  
700	   11749	   5828	   524	  

	   	  
	  	  

800	   14701	   7292	   656	  
	   	  

	  	  
900	   17668	   8764	   788	  

	   	  
	  	  

1000	   20664	   10250	   921	  
	   	  

	  	  
1100	   23704	   11758	   1057	  

	   	  
	  	  

1200	   26789	   13288	   1195	  
	   	  

	  	  
1300	   29919	   14841	   1334	  

	   	  
	  	  

1400	   33092	   16415	   1476	  
	   	  

	  	  
1500	   36307	   18009	   1619	  

	   	  
	  	  

1600	   39562	   19624	   1764	  
	   	  

	  	  
1700	   42858	   21259	   1911	  

	   	  
	  	  

1800	   46191	   22912	   2060	  
	   	  

	  	  
1900	   49562	   24584	   2210	  

	   	  
	  	  

2000	   52968	   26274	   2362	  
	   	  

	  	  
2100	   56408	   27980	   2515	  

	   	  
	  	  

2200	   59882	   29703	   2670	   	  	   	  	   	  	  
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10.2 Input Data 
 
F1=Furnace 1 
F2=Furnace 2 
FP=Full production rate 
MP=Medium production rate 
LP=Low production rate 
n/a=Not available 
 
Table 36. Input data from SSAB 

 F1 FP F1 MP F1 LP F2 FP F2 MP F2 LP 
Combustion       
COG (Nm3/h) 1510,2 1081,5 1701,2 2062 2609,1 1320,3 
EO5( l/h) 1448,7 1342,4 338 805,9 404,1 624,6 
Airflow (Nm3/h) n/a n/a n/a 21592,8 17566,1 15291,6 
Air factor n/a n/a n/a 1,207 1,136 1,224 
Temperature (°C)       
Air before HEX 29,5 34,2 34,1 n/a n/a n/a 
Air after HEX 378,6 357,6 344 298,1 296,4 280,1 
Flue g. before HEX 655,1 618,5 594,4 646,5 638,2 608,4 
Flue gas after HEX 469,2 440,2 416,9 n/a n/a n/a 
Steel slab       
Mass flow (kg/h) 61317,9 48185,6 37657,7 60353,3 42196,3 35455,5 
Oxide scale(kg/h) 285,8 244,5 226,6 288,6 224,7 196,3 
Draw temp (°C) 1173,6 1165,4 1189,7 1188,5 1171,1 1192,4 
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10.3 Furnace 1 Medium Production (Week 44, 2013) 
 

10.3.1 Reference Case 

10.3.1.1  Input Data 
 
  Data from 

SSAB 
Assumption 

Combustion    
COG 1081,5 Nm3/h X  
EO5 1342,4 l/h X  
Airflow n/a X  
Air factor n/a X  
Temperatures    
Air before HEX 34,2 °C X  
Air after HEX 357,6 °C X  
Flue gas before HEX 618,5 °C X  
Flue gas after HEX 440,2 °C X  
COG gas 23 °C X  
EO5 110 °C X  
Slab input temperature 25 °C  X 
Outdoor temperature 6,6 °C  

(79% humidity) 
 X 

Steel slab    
Mass flow 48185,6 kg/h X  
Oxide scale 244,5 kg/h X  
Draw temp 1165,4 °C X  
Other    
Heat exchanger efficiency 100 %  X 

10.3.1.2  Output Data 
 
Stoichiometric Airflow 18410 Nm3/h Combustion gas flow 21897 Nm3/h 
Airflow 20115 Nm3/h Flue gas flow 31094 Nm3/h 
Air factor 1,09 Adiabatic flame temp* 2249 °C 
Infiltration airflow 9197 Nm3/h Combustion gas temp 826 °C 
COG energy input 19593 MJ/h CO2 in flue gas 11,0 % 
EO5 energy input 53827 MJ/h H2O in flue gas 14,5 % 
  Percent infiltration 29,6 % 
  Furnace efficiency 50,3 % 

10.3.1.3  Energy Balance 
 
Input  Output  
Formation energy 73420 MJ/h Flue gas 18530 MJ/h 
Sensible energy 963 MJ/h Slab 36904 MJ/h 
Slab oxide 1219 MJ/h Furnace heat loss 20169 MJ/h 
Slab 0 MJ/h HEX heat loss 0 MJ/h 
 

10.3.1.4  Available Heat 
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Figure 54. Available heat for Furnace 1 at medium production – Reference case 

The available heat is 76,0 % at 826°C. 

10.3.1.5  Summary 
 
The adiabatic flame temperature* is 2249 °C and combustion gas temperature leaving the 
furnace is 826 °C. The furnace is operating with an efficiency of 50,3 % and available heat is 
76,0 % at 826 °C. 
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10.3.2 Case 1 – BFG (O2) – Furnace 1 Medium Production 

10.3.2.1  Input Data 
 
  From 

reference 
case 

Assumption 

Combustion    
Oxygen factor 1,05  X 
Temperatures    
BFG gas 25 °C  X 
Slab input temperature 25 °C  X 
Oxygen temperature 25°C  X 
Combustion gas temp 826 °C X  
Steel slab    
Mass flow 48185,6 kg/h X  
Oxide scale 244,5 kg/h X  
Draw temp 1165,4 °C X  
Other    
Heat exchanger efficiency 90 %  X 
Energy    
Furnace heat loss 20169 MJ/h X  
Available heat 76,0 % X  
Slab output energy 36904 MJ/h X  
Oxide scale energy 1219 MJ/h X  

10.3.2.2  Output Data 
 
BFG flow 26760 Nm3/h Flue gas flow 26908 Nm3/h 
Stoichiometric Oxygen flow 2944 Nm3/h Adiabatic flame temp* 1847 °C 
Oxygen flow 3091 Nm3/h Flue gas temp after HEX 392 °C 
BFG temp after HEX 512 °C CO2 in flue gas 42,4 % 
Sensible energy after HEX 19626 MJ/h H2O in flue gas 5,1 % 
  Furnace efficiency 49,9 % 

10.3.2.3  Energy Balance 
 
Input  Output  
Formation energy 73938 MJ/h Flue gas after HEX 15903 MJ/h 
Sensible energy before HEX 0 MJ/h Slab 36904 MJ/h 
Slab oxide 1219 MJ/h Furnace heat loss 20169 MJ/h 
Slab 0 MJ/h HEX heat loss 2181 MJ/h 
Total 75157 MJ/h Total 75157 MJ/h 
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10.3.2.4  Available Heat 

 
Figure 55. Available heat for Furnace 1 at medium production – BFG (O2) 

The available heat is 76,0 % at 826 °C. 

10.3.2.5  Summary 
 
In this case the furnace is operating with an efficiency of 49,9 %. The blast furnace gas is 
raised to 512 °C in the heat exchanger and the adiabatic flame temperature* is 1847 °C. The 
flue gas temperature leaving the heat exchanger is 392 °C.  
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10.3.3 Case 2 – BFG (Air) - Furnace 1 Medium Production 

10.3.3.1  Input Data 
 
  From 

reference 
case 

Assumption 

Combustion    
Air factor 1,10  X 
Temperatures    
BFG gas 25 °C  X 
Slab input temperature 25 °C  X 
Oxygen temperature 25°C  X 
Air temp before HEX 29,5 °C X  
Outdoor temperature 6,6 °C  

(79% humidity) 
 X 

Combustion gas temp 826 °C X  
Steel slab    
Mass flow 48185,6 kg/h X  
Oxide scale 244,5 kg/h X  
Draw temp 1165,4 °C X  
Other    
Heat exchanger efficiency 90 %  X 
Energy    
Furnace heat loss 20169 MJ/h X  
Available heat 76,0 % X  
Slab output energy 36904 MJ/h X  
Oxide scale energy 1219 MJ/h X  

10.3.3.2  Output Data 
 
BFG flow 26732 Nm3/h Flue gas flow 39304 Nm3/h 
Stoichiometric Airflow (BFG) 13997 Nm3/h Adiabatic flame temp* 1588 °C 
Airflow (BFG) 15397 Nm3/h Flue gas temp after HEX 277 °C 
BFG temp after HEX 564 °C CO2 in flue gas 29,0 % 
Air temp after HEX 564 °C H2O in flue gas 3,8 % 
Sensible energy after HEX 21849 MJ/h Furnace efficiency 50,0 % 

10.3.3.3  Energy Balance 
 
Input  Output  
Formation energy 73859 MJ/h Flue gas after HEX 14751 MJ/h 
Sensible energy before HEX 408 MJ/h Slab 36904 MJ/h 
Slab oxide 1219 MJ/h Furnace heat loss 20169 MJ/h 
Slab 0 MJ/h HEX heat loss 3662 MJ/h 
Total 75486 MJ/h Total 75486 MJ/h 

10.3.3.4  Available Heat 
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Figure 56. Available heat for Furnace 1 at medium production – BFG (Air) 

The available heat is 76,0 % at 826 °C. 

10.3.3.5  Summary 
 
In this case the furnace is operating with an efficiency of 50,0 %. The blast furnace gas and 
combustion air is raised to 564 °C in the heat exchanger and the adiabatic flame temperature* 
is 1588 °C. The flue gas temperature leaving the heat exchanger is 277 °C.  
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10.3.4 Case 3 – BFG (O2) + COG (Air) - Furnace 1 Medium Production 

10.3.4.1  Input Data 
 
  From 

reference 
case 

Assumption 

Combustion    
Air factor 1,09 X  
Oxygen factor 1,05  X 
COG Flow 1081,5 Nm3/h X  
Temperatures    
BFG gas 25 °C  X 
COG gas 23 °C X  
Slab input temperature 25 °C  X 
Oxygen temperature 25°C  X 
Air temp before HEX 34,2 °C X  
Outdoor temperature 6,6 °C  

(79% humidity) 
 X 

Combustion gas temp 826 °C X  
Steel slab    
Mass flow 48185,6 kg/h X  
Oxide scale 244,5 kg/h X  
Draw temp 1165,4 °C X  
Other    
Heat exchanger efficiency 90 %  X 
Energy    
Furnace heat loss 20169 MJ/h X  
Available heat 76,0 % X  
Slab output energy 36904 MJ/h X  
Oxide scale energy 1219 MJ/h X  

10.3.4.2  Output Data 
 
BFG flow 19621 Nm3/h Flue gas flow 25714 Nm3/h 
Stoichiometric Oxygen flow 3159 Nm3/h Adiabatic flame temp* 1925 °C 
Oxygen flow 3360 Nm3/h Flue gas temp after HEX 425 °C 
Stoichiometric Airflow 4762 Nm3/h CO2 in flue gas 34,1 % 
Airflow 5205 Nm3/h H2O in flue gas 9,0 % 
BFG temp after HEX 486 °C Furnace efficiency 50,0 % 
Air temp after HEX 486 °C   
Sensible energy after HEX 16883 MJ/h   

10.3.4.3  Energy Balance 
 
Input  Output  
Formation energy 73803 MJ/h Flue gas after HEX 16224 MJ/h 
Sensible energy before HEX 135 MJ/h Slab 36904 MJ/h 
Slab oxide 1219 MJ/h Furnace heat loss 20169 MJ/h 
Slab 0 MJ/h HEX heat loss 1861 MJ/h 
Total 75157 MJ/h Total 75157 MJ/h 
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10.3.4.4  Available Heat 
 

 
Figure 57. Available heat for Furnace 1 at medium production – BFG (O2) + COG (Air) 

The available heat is 76,0% at 826°C. 

10.3.4.5  Summary 
 
In this case the furnace is operating with an efficiency of 50,0 %. The blast furnace gas and 
combustion air is raised to 486 °C in the heat exchanger and the adiabatic flame temperature* 
is 1925 °C. The flue gas temperature leaving the heat exchanger is 425°C. 
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10.3.5 Case 4 – BFG (Air) + COG (Air) - Furnace 1 Medium Production 

10.3.5.1  Input Data 
 
  From 

reference 
case 

Assumption 

Combustion    
Air factor (COG) 1,09 X  
Air factor (BFG) 1,10  X 
COG Flow 1082 Nm3/h X  
Temperatures    
BFG gas 25 °C  X 
COG gas 23 °C X  
Slab input temperature 25 °C  X 
Oxygen temperature 25°C  X 
Air temp before HEX 34,2 °C X  
Outdoor temperature 6,6 °C  

(79% humidity) 
 X 

Combustion gas temp 826 °C X  
Steel slab    
Mass flow 48185,6 kg/h X  
Oxide scale 244,5 kg/h X  
Draw temp 1165,4 °C X  
Other    
Heat exchanger efficiency 90 %  X 
Energy    
Furnace heat loss 20169 MJ/h X  
Available heat 76,0 % X  
Slab output energy 36904 MJ/h X  
Oxide scale energy 1219 MJ/h X  
 

10.3.5.2  Output Data 
 
BFG flow 19599 Nm3/h Flue gas flow 34801 Nm3/h 
Stoichiometric Airflow (BFG) 10262 Nm3/h Adiabatic flame temp* 1692 °C 
Airflow (BFG) 11288 Nm3/h Flue gas temp after 

HEX 
323 °C 

Stoichiometric Airflow (COG) 4762 Nm3/h CO2 in flue gas 25,2 % 
Airflow (COG) 5205 Nm3/h H2O in flue gas 6,9 % 
BFG temp after HEX 539 °C Furnace efficiency 50,0 % 
Air temp after HEX 539 °C   
Sensible energy after HEX 26959 MJ/h   

10.3.5.3  Energy Balance 
 
Input  Output  
Formation energy 73744 MJ/h Flue gas after HEX 15377 MJ/h 
Sensible energy before HEX 434 MJ/h Slab 36904 MJ/h 
Slab oxide 1219 MJ/h Furnace heat loss 20169 MJ/h 
Slab 0 MJ/h HEX heat loss 2947 MJ/h 
Total 75397 MJ/h Total 75397 MJ/h 
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10.3.5.4  Available Heat 
 

 
Figure 58. Available heat for Furnace 1 at medium production – BFG (Air) + COG (Air) 

The available heat is 76,0 % at 826 °C. 

10.3.5.5  Summary 
 
In this case the furnace is operating with an efficiency of 50,0 %. The blast furnace gas and 
combustion air is raised to 539 °C in the heat exchanger and the adiabatic flame temperature* 
is 1692 °C. The flue gas temperature leaving the heat exchanger is 323 °C. 
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10.4 Furnace 1 Low Production (Week 26, 2013) 
 

10.4.1 Reference case 

10.4.1.1  Input Data 
 
  Data from 

SSAB 
Assumption 

Combustion    
COG 1701,3 Nm3/h X  
EO5 338,0 l/h X  
Airflow n/a X  
Air factor n/a X  
Temperatures    
Air before HEX 34,1 °C X  
Air after HEX 344,0 °C X  
Flue gas before HEX 594,4 °C X  
Flue gas after HEX 416,9 °C X  
COG gas 23 °C X  
EO5 110 °C X  
Slab input temperature 25 °C  X 
Outdoor temperature 16,4 °C  

(79% humidity) 
 X 

Steel slab    
Mass flow 37657,7 kg/h X  
Oxide scale 226,6 kg/h X  
Draw temp 1189,7 °C X  
Other    
Heat exchanger efficiency 100 %  X 

10.4.1.2  Output Data 
 
Stoichiometric Airflow 10927 Nm3/h Combustion gas flow 13391 Nm3/h 
Airflow 11830 Nm3/h Flue gas flow 16753 Nm3/h 
Air factor 1,08 Adiabatic flame temp* 2205 °C 
Infiltration airflow 3362 Nm3/h Combustion gas temp 713 °C 
COG energy input 30821 MJ/h CO2 in flue gas 8,6 % 
EO5 energy input 13553 MJ/h H2O in flue gas 19,6 % 
  Percent infiltration 20,1 % 
  Furnace efficiency 65,9 % 

10.4.1.3  Energy Balance 
 
Input  Output  
Formation energy 44374 MJ/h Flue gas 9370 MJ/h 
Sensible energy 648 MJ/h Slab 29427 MJ/h 
Slab oxide 1130 MJ/h Furnace heat loss 7354 MJ/h 
Slab 0 MJ/h HEX heat loss 0 MJ/h 
 
 

10.4.1.4  Available Heat 
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Figure 59. Available heat for Furnace 1 at low production – Reference case. 

The available heat is 80,2 % at 713 °C. 
 

10.4.1.5  Summary 
 
The adiabatic flame temperature* is 2205 °C and combustion gas temperature leaving the 
furnace is 713 °C. The furnace is operating with an efficiency of 65,9 % and available heat is 
80,2 % at 713 °C. 
 
There is clearly something wrong in this case. The furnace heat loss is too low and the 
efficiency is therefore too high compared with the other cases. Since the input data isn’t 
reliable the further cases will not be calculated. 
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10.5 Furnace 2 Full Production (Week 49, 2013) 

10.5.1 Reference Case 
 
The week when furnace two worked at full production it averaged 60,4 ton steel per hour. 
The list below show the input data and the assumptions made to fill the information gaps. 
A difference from Furnace 1 is that the flue gas temperature after the HEX is not known. 
Using the same combustion gas temperature as calculated in Furnace 1 solved this problem.  

10.5.1.1  Input Data 
 
  Data from 

SSAB 
Assumption 

Combustion    
COG 2062,0 Nm3/h X  
EO5 806,0 l/h X  
Airflow 21592,7 Nm3/h X  
Air factor n/a X  
Temperatures    
Air before HEX 32,6 °C  X 
Air after HEX 298,1 °C X  
Flue g. before HEX 646,5 °C X  
Flue gas after HEX n/a   
Combustion gas temp 892°C (from Furnace 1)  X 
COG gas 23 °C X  
EO5 110 °C X  
Slab input temperature 25 °C  X 
Outdoor temperature -3,2 °C  

(79% humidity) 
 X 

Steel slab    
Mass flow 60353,3 kg/h X  
Oxide scale 288,6 kg/h X  
Draw temp 1188,5 °C X  
Other    
Heat exchanger efficiency 100 %  X 

10.5.1.2  Output Data 
 
Stoichiometric Airflow 17273 Nm3/h Combustion gas flow 23619 Nm3/h 
Air factor 1,25 Flue gas flow 34632 Nm3/h 
Infiltration airflow 11013 Nm3/h Adiabatic flame temp* 2021 °C 
COG energy input 37356 MJ/h Flue gas temp after 

HEX 
498°C 

EO5 energy input 32319 MJ/h CO2 in flue gas 8,4 % 
  H2O in flue gas 15,1 % 
  Infiltration 31,8% 
  Furnace efficiency 67,7% 

10.5.1.3  Energy Balance 
 
Input  Output  
Formation energy 69674 MJ/h Flue gas 23412 MJ/h 
Sensible energy 662 MJ/h Slab 47173 MJ/h 
Slab oxide 1439 MJ/h Furnace heat loss 1191 MJ/h 
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Slab 0 MJ/h HEX heat loss 0 MJ/h 

10.5.1.4  Available Heat 
 

 
Figure 60. Available heat for Furnace 2 at full production – Reference case 

The available heat is 67,3% at 892°C. 
 

10.5.1.5  Summary 
 
The adiabatic flame temperature* is 2021 °C and combustion gas temperature leaving the 
furnace is 892 °C. The furnace is operating with an efficiency of 67,7 % and available heat is 
67,3 % at 892 °C. 
 
There is clearly something wrong in this case. The furnace heat loss is too low and the 
efficiency is therefore too high compared with the other cases. Since the input data isn’t 
reliable the further cases will not be calculated. 
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10.6 Furnace 2 Low Production (Week 49, 2013) 

10.6.1 Reference Case 
 
The week when furnace two worked at full production it averaged 60,4 ton steel per hour. 
The list below show the input data and the assumptions made to fill the information gaps. 
A difference from Furnace 1 is that the flue gas temperature after the HEX is not known. 
Using the same combustion gas temperature as calculated in Furnace 1 solved this problem.  

10.6.1.1  Input Data 
 
  Data from 

SSAB 
Assumption 

Combustion    
COG 1320,3 Nm3/h X  
EO5 624,6 l/h X  
Airflow 15291,6 Nm3/h X  
Air factor n/a X  
Temperatures    
Air before HEX 32,6 °C  X 
Air after HEX 280,1 °C X  
Flue g. before HEX 608,4 °C X  
Flue gas after HEX n/a   
Combustion gas temp 713°C (from Furnace 1)  X 
COG gas 23 °C X  
EO5 110 °C X  
Slab input temperature 25 °C  X 
Outdoor temperature 6,6 °C  

(79% humidity) 
 X 

Steel slab    
Mass flow 35455,5 kg/h X  
Oxide scale 196,3 kg/h X  
Draw temp 1192,4 °C X  
Other    
Heat exchanger efficiency 100 %  X 

10.6.1.2  Output Data 
 
Stoichiometric Airflow 12163,5 Nm3/h Combustion gas flow 16725 Nm3/h 
Air factor 1,257 Flue gas flow 20233 Nm3/h 
Infiltration airflow 3508 Nm3/h Adiabatic flame temp* 2000 °C 
COG energy input 23918,9 MJ/h Flue gas temp after 

HEX 
443 °C 

EO5 energy input 25045,0 MJ/h CO2 in flue gas 8,6 % 
  H2O in flue gas 14,9 % 
  Infiltration 17,3 % 
  Furnace efficiency 56,7 % 

10.6.1.3  Energy Balance 
 
Input  Output  
Formation energy 48964 MJ/h Flue gas 12007 MJ/h 
Sensible energy 543 MJ/h Slab 27784 MJ/h 
Slab oxide 979 MJ/h Furnace heat loss 10695 MJ/h 



 110 

Slab 0 MJ/h HEX heat loss 0 MJ/h 

10.6.1.4  Available Heat 
 

 
Figure 61. Available heat for Furnace 2 at low production – Reference case 

The available heat is 76,5 % at 713 °C. 

10.6.1.5  Summary 
 
The adiabatic flame temperature* is 2000 °C and combustion gas temperature leaving the 
furnace is 713 °C. The furnace is operating with an efficiency of 56,7 % and available heat is 
76,5 % at 713 °C.  
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10.6.2 Case 1 – BFG (O2) – Furnace 2 Low Production 

10.6.2.1  Input Data 
 
  From 

reference 
case 

Assumption 

Combustion    
Oxygen factor 1,05  X 
Temperatures    
BFG gas 25 °C  X 
Slab input temperature 25 °C  X 
Oxygen temperature 25°C  X 
Combustion gas temperature 713 °C X  
Steel slab    
Mass flow 35455,5 kg/h X  
Oxide scale 196,3 kg/h X  
Draw temp 1192,4 °C X  
Other    
Heat exchanger efficiency 90 %  X 
Energy    
Furnace heat loss 10695 MJ/h X  
Available heat 76,5 % X  
Slab output energy 27784 MJ/h X  
Oxide scale energy 979 MJ/h X  

10.6.2.2  Output 
 
BFG flow 17811,6 Nm3/h Flue gas flow 17910 Nm3/h 
Stoichiometric Oxygen flow 1959,3 Nm3/h Adiabatic flame temp* 1752 °C 
Oxygen flow 2057,2 Nm3/h Flue gas temp after 

HEX 
395 °C 

BFG temp after HEX 384 °C CO2 in flue gas 42,4 % 
Sensible energy after HEX 9432 MJ/h H2O in flue gas 5,1 % 
  Furnace efficiency 56,5 % 
    

10.6.2.3  Energy Balance 
 
Input  Output  
Formation energy 49212 MJ/h Flue gas after HEX 10663 MJ/h 
Sensible energy before HEX 0 MJ/h Slab 27784 MJ/h 
Slab oxide 979 MJ/h Furnace heat loss 10695 MJ/h 
Slab 0 MJ/h HEX heat loss 1048 MJ/h 
Total 50190 MJ/h Total 50190 MJ/h 
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10.6.2.4  Available Heat 

 
Figure 62. Available heat for Furnace 2 at low production – BFG (O2) 

The available heat is 76,5 at 713°C 

10.6.2.5  Summary 
 
In this case the furnace is operating with an efficiency of 56,5 %. The blast furnace gas is 
raised to 384 °C in the heat exchanger and the adiabatic flame temperature* is 1752 °C. The 
flue gas temperature leaving the heat exchanger is 395 °C. 
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10.6.3 Case 2 – BFG (Air) – Furnace 2 Low Production 

10.6.3.1  Input Data 
 
  From 

reference 
case 

Assumption 

Combustion    
Air factor 1,10  X 
Temperatures    
BFG gas 25 °C  X 
Slab input temperature 25 °C  X 
Oxygen temperature 25°C  X 
Air temp before HEX 32,6 °C X  
Outdoor temperature 6,6 °C  

(79% humidity) 
X  

Combustion gas temperature 713 °C X  
Steel slab    
Mass flow 35455,5 kg/h X  
Oxide scale 196,3 kg/h X  
Draw temp 1192,4 °C X  
Other    
Heat exchanger efficiency 90 %  X 
Energy    
Furnace heat loss 10695 MJ/h X  
Available heat 76,5 % X  
Slab output energy 27784 MJ/h X  
Oxide scale energy 979 MJ/h X  

10.6.3.2  Output Data 
 
BFG flow 17793 Nm3/h Flue gas flow 26161 Nm3/h 
Stoichiometric Airflow (BFG) 9316 Nm3/h Adiabatic flame temp* 1489 °C 
Airflow (BFG) 10248 Nm3/h Flue gas temp after 

HEX 
282 °C 

BFG temp after HEX 448 °C CO2 in flue gas 29,0 % 
Air temp after HEX 448 °C H2O in flue gas 3,8 % 
Sensible energy after HEX 17197 MJ/h Furnace efficiency 56,5% 

10.6.3.3  Energy Balance 
 
Input  Output  
Formation energy 49161 MJ/h Flue gas after HEX 10028 MJ/h 
Sensible energy before HEX 250 MJ/h Slab 27784 MJ/h 
Slab oxide 979 MJ/h Furnace heat loss 10695 MJ/h 
Slab 0 MJ/h HEX heat loss 1883 MJ/h 
Total 50390 MJ/h Total 50390 MJ/h 

10.6.3.4  Available Heat 
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Figure 63. Available heat for Furnace 2 at low production – BFG (Air) 

The available heat is 76,5 % at 713 °C. 

10.6.3.5  Summary 
 
In this case the furnace is operating with an efficiency of 56,5 %. The blast furnace gas and 
combustion air is raised to 448 °C in the heat exchanger and the adiabatic flame temperature* 
is 1489 °C. The flue gas temperature leaving the heat exchanger is 282 °C.  
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10.6.4 Case 3 –BFG (O2) + COG (Air) – Furnace 2 Low Production 

10.6.4.1  Input Data 
 
  From 

reference 
case 

Assumption 

Combustion    
Air factor 1,257 X  
Oxygen factor 1,05  X 
COG Flow 1320 Nm3/h X  
Temperatures    
BFG gas 25 °C  X 
COG gas 23 °C X  
Slab input temperature 25 °C  X 
Oxygen temperature 25 °C  X 
Air temp before HEX 32,6 °C X  
Outdoor temperature 6,6 °C  

(79% humidity) 
X  

Combustion gas temp 713 °C X  
Steel slab    
Mass flow 35455,5 kg/h X  
Oxide scale 196,3 kg/h X  
Draw temp 1192,4 °C X  
Other    
Heat exchanger efficiency 90 %  X 
Energy    
Furnace heat loss 10695 MJ/h X  
Available heat 76,5 % X  
Slab output energy 27784 MJ/h X  
Oxide scale energy 979 MJ/h X  

10.6.4.2  Output Data 
 
BFG flow 9110 Nm3/h Flue gas flow 17427 Nm3/h 
Stoichiometric Oxygen flow 1002 Nm3/h Adiabatic flame temp* 1854 °C 
Oxygen flow 1052 Nm3/h Flue gas temp after 

HEX 
437 °C 

Stoichiometric Airflow 5813 Nm3/h CO2 in flue gas 25,2 % 
Airflow 7307 Nm3/h H2O in flue gas 11,9 % 
BFG temp after HEX 347 °C Furnace efficiency 56,6 % 
Air temp after HEX 347 °C   
Sensible energy after HEX 7556 MJ/h   

10.6.4.3  Energy Balance 
 
Input  Output  
Formation energy 49089 MJ/h Flue gas after HEX 10944 MJ/h 
Sensible energy before HEX 175 MJ/h Slab 27784 MJ/h 
Slab oxide 979 MJ/h Furnace heat loss 10695 MJ/h 
Slab 0 MJ/h HEX heat loss 820 MJ/h 
Total 50243 MJ/h Total 50243 MJ/h 
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10.6.4.4  Available Heat 
 

 
Figure 64. Available heat for Furnace 2 at low production – BFG (O2) + COG (Air) 

The available heat is 76,5 % at 713 °C. 

10.6.4.5  Summary 
 
In this case the furnace is operating with an efficiency of 56,6 %. The blast furnace gas and 
combustion air is raised to 347 °C in the heat exchanger and the adiabatic flame temperature* 
is 1854 °C. The flue gas temperature leaving the heat exchanger is 437 °C. 
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10.6.5 Case 4 – BFG (Air) + COG (Air) – Furnace 2 Low Production 

10.6.5.1  Input Data 
 
  From 

reference 
case 

Assumption 

Combustion    
Air factor (COG) 1,257 X  
Air factor (BFG) 1,10  X 
COG Flow 1320 Nm3/h X  
Temperatures    
BFG gas 25 °C  X 
COG gas 23 °C X  
Slab input temperature 25 °C  X 
Oxygen temperature 25°C  X 
Air temp before HEX 32,6 °C X  
Outdoor temperature 6,6 °C  

(79% humidity) 
X  

Combustion gas temp 713 °C X  
Steel slab    
Mass flow 35455,5 kg/h X  
Oxide scale 196,3 kg/h X  
Draw temp 1192,4 °C X  
Other    
Heat exchanger efficiency 90 %  X 
Energy    
Furnace heat loss 10695 MJ/h X  
Available heat 76,5 % X  
Slab output energy 27784 MJ/h X  
Oxide scale energy 979 MJ/h X  
 

10.6.5.2  Output Data 
 
BFG flow 9101 Nm3/h Flue gas flow 21647 Nm3/h 
Stoichiometric Airflow (BFG) 4765 Nm3/h Adiabatic flame temp* 1671 °C 
Airflow (BFG) 5242 Nm3/h Flue gas temp after 

HEX 
359 °C 

Stoichiometric Airflow (COG) 5813 Nm3/h CO2 in flue gas 20,2 % 
Airflow (COG) 7307 Nm3/h H2O in flue gas 9,8 % 
BFG temp after HEX 400 °C Furnace efficiency 56,6 % 
Air temp after HEX 400 °C   
Sensible energy after HEX 11527 MJ/h   

10.6.5.3  Energy Balance 
 
Input  Output  
Formation energy 49063 MJ/h Flue gas after HEX 10618 MJ/h 
Sensible energy before hex 303 MJ/h Slab 27784 MJ/h 
Slab oxide 979 MJ/h Furnace heat loss 10695 MJ/h 
Slab 0 MJ/h HEX heat loss 1247 MJ/h 
Total 50345 MJ/h Total 50345 MJ/h 
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10.6.5.4  Available Heat 
 

 
Figure 65. Available heat for Furnace 2 at low production – BFG (Air) + COG (Air) 

The available heat is 76,5 % at 713 °C. 

10.6.5.5  Summary 
 
In this case the furnace is operating with an efficiency of 56,6 %. The blast furnace gas and 
combustion air is raised to 400 °C in the heat exchanger and the adiabatic flame temperature* 
is 1671 °C. The flue gas temperature leaving the heat exchanger is 359 °C. 
 


