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Abstract 
 

The carbon footprint from the iron, steel and other metal sectors has become a problem both 

environmentally and economically. The purpose of this report is to propose a concept of an 

electrified reheat furnace for the steel industry in the making of sheet metal. The aim is to 

reduce the environmental impact from the steel industry. 

 

The approach in this report has been to analyse relevant facts to propose a fully electrified 

concept. The concept is divided into two sections. The first section of the concept consists of 

a preheating furnace with the purpose to heat the slabs to 850 °C before it enters the second 

section. The preheating furnace contains 1447 – 2412 MoSi2 heating elements due to 

considering different efficiencies. The second section consists of 13 induction heating 

modules heating the slabs to a homogenous temperature of 1250 °C. By applying electrical 

heating in a walking beam furnace approximately 100 000 tonne carbon dioxide can be 

reduced annually. 

 

In conclusion, the proposed concept could be a feasible solution in order to avoid carbon 

emission and obtain the same production rate as the existing reheating furnaces. However, it 

is suggested that further investigations and analysis are performed regarding this concept to 

verify the total efficiency of the reheating furnace and to theoretically determine the required 

power input. 
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Sammanfattning 
 

Koldioxidutsläppen från järn, stål och andra metallindustrier har blivit ett problem både ur 

miljö och ekonomisk synpunkt. Syftet med denna rapport är att föreslå ett koncept av en helt 

elektrifierad uppvärmningsugn för stålindustrin i processen för att skapa plåt. Målet med 

denna studie är att reducera stålindustrins påverkan på växthuseffekten.  

 

Metoden i denna rapport har varit att analysera relevant fakta för att sedan kunna föreslå ett 

koncept av en helt elektrifierad ugn. Det föreslagna konceptet är uppdelad i två delar. Den 

första delen består av en förvärmningsugn med målet att värma stålet till 850 °C innan stålet 

går in i den andra delen. Förvärmningsugnen består av 1447 – 2412 stycken MoSi2 

värmeelement med hänsyn till ugnens verkningsgrad. Den andra delen består utav 13 stycken 

induktionsvärmemoduler som värmen stålet till en homogentemperatur på 1250 °C. Genom 

att använda elektricitet för att värma ugnen minskar koldioxidutsläppen med 66 kg per ton 

tillverkas stål. 

 

Sammanfattningsvis, det föreslagna konceptet kan vara en möjlig lösning för att minska 

koldioxidutsläpp och samtidigt bibehålla samma produktionshastighet som existerande 

uppvärmningsugnar. Däremot är det förslaget att vidare studier och analyser görs på 

konceptet för att verifiera den totala verkningsgraden av ugnen och för att bestämma den 

exakta energiförbrukningen.  
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1 Introduction 
 

In year 2016 the Swedish industry passed the domestic transportation as the largest 

contributor to the greenhouse effect. During the year the industry emitted 16.886 million 

tonne carbon dioxide and short after the domestic transportation emitted 16.855 million ton. 

Sweden emitted in total 52.893 million tonne carbon dioxide, but at the same time did the 

environment reduce 42.969 million tonne leaving the net value emission on 9.925 million 

tonne carbon dioxide [1]. These numbers represent that it is possible for Sweden to reduce 

more carbon dioxide then is emitted if just the industry and domestic transportation manages 

to emit less. The industry is divided in different sectors and the iron, steel and other metal 

sectors stand for 40% of the total emitted carbon dioxide from the industry, in total these 

sectors stands for 12.8% of Sweden’s emitted carbon dioxide [2]. So, if the iron, steel and 

metal industries manage to reduce their carbon footprint, Sweden will come close to have a 

net value of zero on carbon dioxide emission.  

 

The Swedish government in collaboration with the state agency of environmental concerns, 

Naturvårdsverket, have introduced a climate political framework and a climate strategy to 

fulfil the Paris agreement. In the climate policy a new climate law was published, climate 

goals were set and a climate political council was brought together. In the year 2045, 

according to the climate goals, Sweden should have no impact on the greenhouse effect 

whatsoever. The Swedish government has a vision to minimize the carbon dioxide pollution 

in the air to the point where the environmental cycle can reduce as much as is emitted by the 

society, i.e. the emission net value is zero. To have control of the climate political framework 

and strategy the government have to present a climate proposition in their budget every year 

and when a new government is elected they have to present a climate political action for how 

the climate goals should succeed. Increased taxes on carbon dioxide emission are going to be 

established in order for the society to accept the climate goals [3]. The new actions from the 

government have contributed to readjustment in the metal industry since they emit most 

carbon dioxide of all industries in Sweden, consequently having a large impact on the 

greenhouse effect. 

 

Reheating furnaces in the steel making plant are important in the process of creating sheet 

metal and it is for the greater time burning natural gas, and by burning natural gas carbon 

dioxide is formed [4]. To reduce the carbon dioxide emission, gaseous fuel fired furnace 

consuming natural gas has to end and be replaced. 

 

Since it exists different kinds of fossil fuelled furnaces in the steel making plant this scientific 

study will only be focusing on the walking beam furnace, how it is designed and used today, 

and how it can be electrified. A walking beam furnace main purpose is to reheat semi-finished 

casting products such as slabs, billets and blooms to a homogeneous temperature before they 

are received by the hot rolling mill. The electrification of a walking beam furnace will be 

investigated in particularly by considering induction heating and direct and indirect resistance 

heating, i.e. heating elements. 

 

The ambition of this scientific study is to propose a concept of a reheating furnace that is fully 

electrified with the aim to reduce environmental impact, avoiding carbon dioxide emission. 

The electrical heating methods that this report will investigate are resistance heating and 

induction heating.   
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2 Walking Beam Furnace 
 

A walking beam furnace in a steel making plant is a reheating furnace used to reheat steel 

billets, slabs or blooms. In the processes of making sheet metal, slabs are often used with the 

dimensions T: 0.2-0.3m, W: 0.9-1.5m and L: 4.0-11.0m. In the steel making plant the walking 

beam reheating furnace is connected to a production line leading to the hot rolling mill 

process. The steel usually enters the furnace at a temperature of approximately 20 °C and is 

heated during 125min [5] to temperature between 1100 - 1300 °C, which is necessary before 

it enters the hot rolling mill to be plastic deformed into sheet metal. The reheating furnace is 

important in the process of producing a material since the reheating effects the properties of 

the material. If not sufficient heated, incorrect material properties will arise due to carbides 

and nitrides failing to dissolve. The walking beam furnace is a continuous furnace with a 

production rate capacity of 200 – 300 tonne/h. The steel slabs are placed in the furnace from 

the charging side and the steel is then transferred trough the furnace on moving skids which 

are hydraulically operated. The housing of the furnace is where the burners are located. The 

burners are places both over and under the moving skids in order to distribute heat evenly to a 

homogenous temperature. The furnace is divided into three different parts as pictured in 

figure 1. The first part is called the preheating zone, the second, heating zone and the third, 

soaking zone. [6] 

 

 
Figure 1, Walking beam furnace devided in three zones [4]. 

 
2.1 Walking Beam Mechanism  
 

The walking beam transport system were developed to avoid problems encountered with 

furnace of the pusher type. In the pusher type of furnace, the slab is bumped together and then 

pushed through the furnace on stationary skids by a ram located at the entrance of the furnace. 

This type of transport system contributed to frictional engagement between the skids and slab 

creating skid marks that was difficult and almost impossible to remove before the forming and 

rolling operation. Also, when slab of different sizes entered the furnace the smaller slabs 

pushed behind the lager once become buckled and deformed, uncapable to withstand the force 

provided from the larger slabs and the ram. Additionally, when same parts of the slab 

remained in contact with the skids through the whole furnace, these parts were cooled down 

and not heated properly by the internal flow of water in the skids. The skids were made of 

metal, which had to be cooled down to withstand extreme temperature. Another problem with 

the pusher type furnace was the non-continuous system that was not self-emptying [7]. 

 

It is important that a reheat furnace in a steel making plant is continuous and part of the 

production line since it is more cost effective. A walking beam furnace is continuous because 

of movable skids that transports the slab forward in the furnace and at last is lifted out on a 

conveyor belt before it is taken to the hot rolling mill. The transport system is based of 
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movable and stationary skids. The movable skids lift the slabs from the stationary skids and 

move it forward, then the movable skids lower the steel back on the stationary skids in order 

to return to its original position without having any contact with the slab. The process is then 

repeated to advance the steel again. The movable skids are rotating in a rectangular motion 

[8], as pictured in figure 2. Advantages with this type of transferring system of the slab are 

that it is a substantially frictionless transport mechanism minimizing particle generation and 

cool spots. 

 

 
Figure 2, Walking beam mechanism motion [9]. 

 

To withstand the high furnace temperature environment, the skids commonly consists of 

ceramic materials since common metals cannot be used to due the risk of oxidation and 

melting. Ceramic materials known as refractories are used in the art of making a furnace and 

to thermally insulate the furnace. Refractories are often used in furnaces that produce high 

temperature metals such as aluminium and steel. In the industry refractories are commonly 

used as lining in nonferrous metallurgical furnaces, open hearth furnaces, blast furnaces and 

ceramic kilns. The common refractory materials that are used is aluminium oxide, Al2O3, and 

silicon carbide, SiC. Objects made of refractory materials are constructed to simple structures 

with few angular edges and bends due to its brittleness. However, refractory materials can 

rapidly be cooled or heated without suffering from material failure due to resistance of 

thermal shock. Refractory materials are in addition to their high thermal tolerances also very 

hard and can withstand the weight of the slab. The refractory material is isolated from 

extreme temperatures by water cooled channels [8]. The water cooled refractory material 

prevent the skids from reaching extreme temperature. The downside of this system is that the 

furnace loses heat to the cooling water. The heat energy losses are typically 10 – 15% of the 

provided energy for the furnace. To reduce the energy losses better insulating properties and 

characteristics of the refectory material for the skid system can be installed [10].  

 
2.2 Burners in Walking Beam Furnace 
 

As mentioned the walking beam furnace is divided into three parts, preheating zone, heating 

zone, and soaking zone. In the preheating zone hot gases are circulated from the heating and 

the soaking zone preheating the slab by convection, no burners are needed in this stage. The 

amount of waste gas is hard to control. This results in difficulties to regulate the temperature 

in this zone leading to different temperatures in the slab before it enters the heating zone. 

Normally, the desired temperature is approximately 800 °C [5]. On the other hand, this do not 

matter since the main heating required for processing the slab is performed in the heating 

zone [11]. The important function in the preheating zone is to preheat the slab so less fuel is 

consumed in the heating and the soaking zone. Also, it is better for the slab to successively be 

heated in order to avoid thermal shock. In the heating and the soaking zone energy is 
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generated by burners that heat the slab to the target temperature. In the heating zone a higher 

temperature than required is reached in the outer part of the slab, i.e. in this stage the 

temperature in the slab is inhomogeneous. In the heating zone there is two different kind of 

burners, the top heating burners and the bottom heating burners. In this stage the burners are 

located so that they are not targeted directly on the slab. In the soaking zone there are three 

different types of burners working, the top soaking burners, bottom soaking burners and the 

top screen burners. These burners are located so the fire from the burners is targeted directly 

on the slab. In the soaking zone the burners have the exact required temperature the slab 

needs for hot rolling, this because the slab needs to reach a homogenous temperature. The 

combustion heat from the burners is transferred to the slab through radiation from the 

refractory, that the housing of the furnace is made of, convection through the hot gaseous 

atmosphere [4]. 

 

2.3 Combustion and Energy Consumption 
 

The combustion is working through natural gas injected with preheated combustion air 

through the burners which distribute the energy trough the heating and soaking zone. 

Reheating furnaces in the steelmaking plant is one of the most energy consuming processes. 

A walking beam furnace that has an operate rate at 200 tonne/h has a max capacity of 128 

MW. This capacity stand for both the calorific value of the natural gas and the preheating of 

the combustion air. An input of 72.4 MW comes from natural gas and the finished slab 

absorbs 43.4 MW of that thermal power, this means that the furnaces have an efficiency of 

about 60%. The heat losses, in form of hot gases at temperature of 335 °C, from the furnace 

after preheating the combustion air are 11.7 MW [12]. A high percentage of the energy 

consumed in the furnaces is provided from natural gas and it results in a big carbon footprint 

[13]. The composition of natural gas and the combustion air are used in reheating furnaces are 

shown in table 1. Under the typical operating condition of the furnace the fuel input varies 

with time to regulate the temperature in the furnace. The combustion reactions happening 

between the natural gas fuel and air are listed below. 

 

CH4 + 3/2 O2 → CO + 2H2O 

CO + ½ O2 → CO2  Eq. (1-3) [4] 

C2H6 + 7/2 O2 → 2 CO2 + 3H2O 

 

All these reactions are exothermic and releases energy in form of heat in the furnace. The heat 

from the combustion are transferred directly to the slab, the gas circulating in the furnace and 

to the housing. The housing in the furnace made of refectory material has a low conductivity 

value and as a result of that the walls can assumed to almost be adiabatic with an estimated 

emissivity at 0.75. The greater part of the heat transfer to the slab is trough radiation from the 

walls [4]. 

 

As the combustion reactions are showing the process of burning natural releases CO2. The 

reheating furnaces in the steel making plant are producing around 6-7% of the steel industry’s 

total CO2 emissions [14]. The consumption of natural gas in a large reheating furnace that 

operate at a rate of more than 100 tonne steel per hour are estimated to produce 1.21 GJ/tonne 

steel and this is corresponding to emit 66 kg CO2 per tonne [15]. 
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Table 1, Natural gas, air and blast furnace gas composition [16, 17, 18]. 

Substance Natural gas (vol%) Air (vol%) Blast furnace gas (vol%) 

O2  21  

N2  78 58-60 

H2   1-4 

CO   22-26 

CO2 1 0.04 16-19 

CH4 89   

C2H6 6   

Other 4 <1  

 

To reduce the natural gas dependence in reheating furnaces and therefore also reduce the fuel 

costs and carbon footprints, blast furnace gas from steelmaking plants can be used. Blast 

furnace gas is a by-product from blast furnaces in the steelmaking plant and is generated in 

large quantities when iron ore is reduced with coke to pig iron. Although, blast furnace gas 

has a low heating value compared with natural gas, 3.0-3.6 MJ/m3 for blast furnace gas and 

34-39 MJ/m3 [19] for natural gas, it is still possible to only use blast furnace gas in the 

reheating furnaces if the gas is preheated [13]. The reason is that the laminar burning velocity 

increases with the initial temperature of the blast furnace gas. Blast furnace gas is mostly 

composed of N2 but it also contains H2 and CO, as seen in table 1. Even though the N2 content 

is high and it entails a risk of creating a high quantity of NOx when combust the NOx 

emissions remain below the limit established by European regulation [18]. 
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3 Electrical Heating 
 

Resistance heating, as it is used in electric furnaces is the oldest of the electric heating 

techniques used commercially and the technology has been known for more than 80 years. 

The principle of the technology is simply defined as the work done in forcing a current 

through a resistance in which converts into heat energy. Resistance heating is divided into two 

types of heating methods – indirect or direct resistance heating. For instance, heat generated 

by a resistance heating element itself is referred to indirect heating, namely heat transfers to a 

product by radiation and convection. Direct heating is when heat is generated by the product 

itself and thus serves as its own resistor, namely heat transfer by conduction in the product. In 

addition to resistance heating, the major electro heating methods whereby electricity is 

converted into heat are induction heating, high intensity or plasma arc heating, arc or heat 

source imaging, fluidized bed heating and electron beam heating.  

 

Regarding what heating method that is most suitable, there are several factors to consider. The 

factors to take in consideration are operating temperature range, principle mode of heat 

transfer i.e. conduction, convection and radiation of both source and sink, heating and 

response time as well as uniformity of temperature or temperature gradient. Consequently, 

other important factors are furnace atmosphere, chemistry and pressure, equipment and 

replacement costs, and ease of handling and reliability [20, pp. 1-1 - 2-2]. However, this study 

will only investigate the possibility of applying heat resistance elements, direct resistance 

heating and induction heating. 
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4 Resistance Heating Elements 
 

Considering the option of using heat resistance elements in a reheating furnace, it is vital to 

choose a suitable heating element material. First of all, it is of importance to take into account 

the parameters that the survey concentrates on regarding an electric reheating furnace. These 

are temperature, production rate and energy demand with respect to size of the heated work 

piece. In correlation to mentioned factors, the following study will briefly discuss the 

possibility using heat resistance elements in a reheating furnace. Consequently, important 

parameters considered for heat resistance elements are element type and material relative to 

the power demand, wear resistance and lifetime, number of elements required as well as 

dimensions of the elements.  

 

The technology is relatively simple – converting the work done in forcing current through a 

resistance element into heat energy. The electric properties are described by Ohm’s law, U = 

I∙R, where U is the voltage, I the current, and R the resistance of the heating element material. 

The heat generated by the current against the electromotive force (voltage) in unit time, 

generally called power, is calculated by the following equation: P = U∙I = IR∙I = I2∙R = 
U2

R
, 

where P is power in watts. 

 

Today, both metallic and non-metallic resistance heating elements are in wide use adding the 

beneficial flexibility of operating in the temperature range 150-1750 °C. Non-refractory, non-

noble metallic resistance elements are generally limited to a maximum temperature of 

approximately 1300 °C. Ceramic resistors are used for higher furnace temperatures, 

approximately up to 1750 °C. Also, for extreme temperatures above 1750 °C and for 

specifically demanding cases, metallic refractory and noble resistors such as tungsten, 

molybdenum, tantalum, rhodium and platinum are used. For controlled temperatures from 

approximately 1800-3000 °C, the non-metal graphite is used. However, it is vulnerable to 

oxidation, thus demands an inert atmosphere or vacuum [20, pp. 1-1 - 2-2]. 

 
4.1 Electric Furnaces with Resistance Heating Elements 
 

Progressively for every industrial process, more operators have considered to replace oil and 

gas heating with electrical equipment. The advantages of electric furnaces are a consequence 

of the development of electrical heating technology. Resistance heating furnaces have low 

installation costs, are highly energy efficient with minimum waste heat while providing a 

quieter working atmosphere, closer temperature control and more even heating throughout the 

furnace chamber than fuel fired furnaces. In comparison to combustion heating furnaces, they 

avoid combustion products or flame impingements and is unrequired of storage or piping of 

flammable fuels. The later mentioned results in space savings and lower insurance premiums. 

Other appreciable benefits are cooler plant environment without flue stacks and exhaust hoods 

leading to a cleaner system, free from pollution.  

 

As energy consumption is an essential factor to minimize, a low-density heat resisting 

ceramic fibre insulation has been developed to replace conventional firebrick refractory 

linings. In addition, this type of insulation results in shorter heating times due to its low 

thermal mass. To reach the desirable maximum furnace temperature, it is despite the choice of 

the type of heating element, vital to contemplate the quantity of the insulation used. For 

furnaces intended to operate in low temperatures below 700 °C forced air circulation is 

required to promote heat transfer by convection. Considering low carbon steel placed in a 
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furnace with a carburizing atmosphere at a high temperature, carbon from the atmosphere 

diffuses into the surface of the steel. The depth of the carbon penetration can be calculated 

with respect to time held at the temperature. This is further an advantage of using electrical 

heating since carbon diffusion will be avoided [20, pp. 2-13 - 2-15]. 

 

Generally, manufacturers with considerable energy consumption and high operating 

temperatures have a great thermodynamic reason to replace combustion heating with 

electrical heating. This is due to the fact that the fraction of electric energy available for the 

process is three to four times the fraction of the energy available for the fuel heated process 

[20, pp. 4-1 - 4-7]. 

 

The resistance heating technology is used in a wide range of different applications, both in 

industries as well as in laboratories. The most important application is for the heat treatment 

and processing of metals as well as smelting and refining of glass, heating of finishing 

solutions for metals, firing of ceramics and calcining of ores. It is also used for preheating 

forging stock and melting and holding nonferrous metals, typically aluminium [20, pp. 3-1 - 

3-7]. 

 
4.2 Characteristics of the Heating Element Materials 
 

The characteristics of resistance heating elements are briefly divided in regard of its resistance 

to temperature and type of atmosphere. The elements are limited to a certain operating 

temperature in correlation with its resistance to oxidation. Generally, an atmosphere needs to 

be present in order to form a protective oxide layer on adhered to the element surface. Heating 

elements that possess properties to operate in air are metallic alloys, platinum and platinum-

rhodium wires and non-metallic materials. Platinum and platinum-rhodium wires are 

frequently of use for temperatures up to 1600 °C in a furnace containing air. However, the 

two mentioned precious elements are not further investigated in this feasibility study. The 

metallic elements are alloys of iron, nickel, chromium and aluminium commonly named 

Nikrothal and Kanthal, where Kanthal has the highest operating element temperature of 1425 

°C.  The non-metallic materials that may operate in air are silicon carbide, named Kanthal 

Globar and molybdenum disilicide, commonly named Kanthal Super. For SiC, the maximum 

operating temperature is 1700 °C contributing to a maximum furnace temperature of 

approximately 1500 °C. MoSi2 is capable of operating up to 1800 °C contributing to a 

maximum furnace temperature of approximately 1600 °C [20, pp. 2-1 - 2-14]. 

 
4.2.1 Non-metallic heating elements 
The silicon carbide is a ceramic, which is produced by reacting sand and coke at high 

temperatures. To obtain the required electric properties for use as a resistance heating 

element, only the purest of this material called “green” silicon carbide, is used. The silicon 

carbide is a semiconductor that possesses specific resistance properties with respect to 

temperature. Up to approximately 800 °C the resistance decreases with temperature. 

However, while increasing the temperature further, the material behaviour changes in such a 

way that the resistance/temperature relation is reversed i.e. its resistance increases with 

increased temperature. Also up to 800 °C the material is sensitive to impurities present in the 

element and is therefore best utilized in the temperature range of 800-1700 °C. Nevertheless, 

simultaneously as the resistance increases with temperature there is also slow oxidation of 

SiC leading to aging of the heating element. To what extent the resistance may rise until the 

element is weakened is mainly dependent on type of atmosphere as well as the furnace 

operating temperature. To obtain maximum life of the heating element, power supplies should 
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have 2:1 voltage range at rated power. It is also suggested that multiple tapped transformers 

should be applied to obtain a constant heating rate, which compensates for the resistance 

change under increased temperature. The SiC element is sensitive to reducing atmospheres 

such as dry and wet hydrogen and disassociated ammonia in which should be avoided. Pure 

oxygen should also be avoided since it will increase the rate of oxidation which results in an 

impaired lifetime of the heating element [20, pp. 2-1 - 2-14]. 

 

In contrast to SiC, the resistance of MoSi2 element does not change with time and in fact has a 

major increase of resistance as the temperature increases. However, MoSi2 elements possess 

weaker mechanical properties. Thus, if horizontally installed, the element requires support or 

else the heating element will sag. MoSi2 heating elements have longer life at higher 

temperatures while SiC heating elements provide a more uniform chamber temperature. 

Regarding what type of atmosphere in which the elements may be present differs between SiC 

and MoSi2. MoSi2 is capable of operating in pure oxygen, while SiC cannot. SiC is applicable 

in most atmospheres including vacuum [20, pp. 2-1 - 2-14]. 

  

The configuration of MoSi2 heating elements is the so-called U-shape that has the trade name 

Kanthal Super. Kanthal Super may be manufactured to varying lengths and thicknesses as 

well as having the ability to be bent. For heating elements made of SiC, there are two types of 

elements available. The one that is commercially referred to as Hot Rods or Globars, which 

have central hot zone and two cold ends, also called U-type. The Globars are also constructed 

to possess the feature of single-end electrical connection that enables the U-type element to 

have two, three or four legs. To minimize heat losses and reduce the resistance at the cold 

ends they are impregnated with silicon. The other type is a thin-walled tube element, 

commonly named Crusilite elements. The disparity in design is that Crusilite has a hot zone, 

which is produced by cutting the spiral in the tube [20, pp. 2-1 - 2-14]. 

 

On the other hand, the SiC and MoSi2 heating elements have a few similarities. They are both 

best utilized in the same temperature range, namely above 760 °C. This is due to having the 

same oxide layer, consisting of SiO2. At lower temperature, the protective SiO2 coating may 

rupture. Lastly, regarding the cost of the two types of heating elements, they are quite equal 

[20, pp. 2-1 - 2-14]. 

 
4.3 Metallic Heating Elements  
 

Kanthal, an alloy of iron, chrome and aluminum, is a common metallic heating element used 

for high temperature demands. Normally, the composition of Kanthal elements is 22 % 

chrome, 4.8-5.8 % aluminum and the rest balanced with iron [21]. By adding the mentioned 

amount of aluminum, the element can withstand temperatures up to 1400 °C, which 

approximately contributes to a chamber temperature of 1300 °C. The oldest electrical heating 

material still widely used today is Nikrothal, which is a nickel and chrome alloy consisting of 

35-80 % nickel. The heating element has its highest use temperature of 1250 °C, 

approximately contributing to a maximum chamber temperature of 1150 °C. Kanthal has 

higher resistance and lower density than Nikrothal alloys. Lower density results in less 

amount of element material and longer lifetime. In addition, it leads to cost savings due to the 

fact that fewer suspension hooks are necessary. On the contrary, conventional Kanthal suffers 

from a lower hot strength, reduced ductility and embrittlement when operated at high 

temperature. However, utilizing powder metal technology in the manufacturing process, 

usually by hot isostatic press operation, the heating element will have considerably improved 

hot strength properties. The use of powder metal technology is commonly referred to the 
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name APM, so if the technology is applied the product name is Kanthal APM. Generally, the 

mentioned types of metallic elements are easy to use, inexpensive and have relative constant 

resistance with respect to temperature and service life. Not to mention, the alloys have simple 

and inexpensive power supply as well as being available in tube or rod, which may meet the 

requirements for a reheat furnace [22, pp. 5-7, 23, pp. 6]. 

 

During use at elevated temperature, the metallic heating element will be exposed and react 

with oxygen. Kanthal will form a protecting oxide layer mainly consisting of aluminum 

oxide, Al2O3, which protect the material from attacks of other compounds. The aluminum 

oxide is beneficial since it is relatively stable, thin, and resistant to carbon infiltration as well 

as in the presence of sulfur. In comparison to nickel-chrome, which forms a relative thick 

chromium oxide layer, Al2O3 is more resistant to flaking off of the material. This flaking is 

vital to avoid since it will cause additional oxidation and furthermore depletion of the element 

until failure is reached. Also, flaking may lead to product contamination. Unfortunately, both 

materials risk to develop small cracks in the oxide layer that causes depletion of the oxide due 

to fact that the element is thermally cycled. However, the depletion of Al2O3 due to crack 

initiation is considerably slower than the chromium oxide depletion on nickel-chrome heating 

elements [22, pp. 17-18]. 

 

The resistance heating alloy forms an oxide layer on their surface when heated, which 

protects the material from further oxidation. Moreover, to accomplish this element protection, 

the oxide layer must be dense and resist the diffusion of gases. In addition, the layer must be 

thin and adhere to the metal under temperature fluctuations. In order to give as even a 

temperature as possible, it is suitable to choose electrical control equipment, e.g. by using 

thyristors. The thickness of the element is in direct relationship to element life. An increased 

wire diameter as well as a thicker strip results in a larger surface area and furthermore 

increased surface oxide layer [23, pp. 11]. 

 

Furthermore, the lifetime of the element is an essential parameter to consider. The heating 

element is required to last for years, with respect to minimized service and replacement costs. 

In the interest of a long lifetime, the difference between furnace temperature and element 

temperature is vital to minimize. This is achievable by significantly lowering the watt loading 

[24]. Figure 3, illustrates the comparative life regarding metallic element type and 

modifications of Kanthal and Nikrothal heating elements. Generally, Kanthal has longer life 

than Nikrothal, particularly at element temperatures below 1150 °C.  
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Figure 3, Comparative life of the metallic element types and modifications with respect to the temperature range 1000-1400 

°C [23, pp. 10]. 

Considering an oxidizing atmosphere, for given watt loading, atmosphere composition and 

furnace temperature of 1200-1300 °C, the Kanthal is expected to have a significantly longer 

lifetime in comparison to Nikrothal [22, pp. 19].  

 

The material properties of Kanthal and Nikrothal modifications slightly vary depending on 

composition as observed in figure 4. The data is of importance regarding type of heating 

applications. 

 

 
Figure 4, Material properties comparison of Kanthal and Nikrothal [23, pp. 7]. 

 

Considering a high temperature rate, the elements require a high surface load. To reach a high 

surface load, the metallic heating elements demands a freely radiating element form. Types of 

element configurations are spirals, porcupine, rod over bend, corrugated and looped. The 

maximum surface load of the different configurations at furnace temperature 1000 °C is 3-6 

W/cm2. Rod over bend, looped and corrugated strip elements have the highest surface load, 

namely 5-6 W/cm2. Moreover, a shorter loop length leads to a higher possible operating 

temperature of the element. Regarding the temperature of 1300 °C the recommended loop 
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length is 100 mm in order to avoid element deformation and so on shorter element life [23, 

pp. 8-12].  

 

Impurities in the atmosphere may damage the heating element. Substances that should be 

avoided are for instance oil, dust, volatiles or carbon deposits. Different forms of chlorines are 

harmful as well as salt, which may damage the heating material [23, pp. 11]. 

 

4.3.1 Kanthal APM material as heating element 
The latest modification of the heating material Kanthal is Kanthal APM. Today, common 

problems with heating elements are bunching, creeping, oxide spallation and limited 

operation temperature of the element. In respect of these criteria, APM is a reliable material 

choice. There are palpable advantages regarding Kanthal APM compared to conventional 

Kanthal. Kanthal APM has better form stability, less need for element support, resistant to 

ageing, longer element life, satisfactory protection in most atmospheres and avoids scaling. 

The elongation at 1300 °C as well as the sagging between supports are presented in figure 5 

below. The Kanthal APM has noticeably mechanical advantages in comparison to 

conventional Kanthal elements [23, pp. 6-8]. 

 

 
Figure 5, Comparison of Kanthal APM with conventional Kanthal A-1 due to elongation and sagging [23, pp. 6]. 

 

4.4 Kanthal Super, MoSi2 Heating Elements 
 

Kanthal Super, made of Molybdenum disilicide, MoSi2, is characterized as a heating element 

with long operating life, good heat and electric conductivity as well as consistent heating 

performance up to an element temperature of 1850 °C. In addition, the material has low 

thermal expansion and able to withstand oxidation and corrosion. Kanthal Super has been 

developed to withstand demanding applications and atmospheres. The heating element is 

today desirable, among other things, in the steel industry and for heat treatment [25, pp. 1-7].  

 

Generally, the Kanthal Super has the longest life of the investigated heating elements and has 

relatively high watt loading up to 1850 °C in oxidizing atmospheres. In addition, the material 

is characterized as resistance stable and being easy-to-use. They are easy to change while the 

furnace is hot and new and old elements can be connected in series. Also, it may be used 

continuously or intermittently while high watt loading is applied. Despite the possibility of 

operating up to very high temperatures, the heating element could also be used in lower 
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temperatures, especially for heat treatment of metallic products. As the temperature increases 

up 1200 °C the heating element material turns from being brittle to being ductile, leading to a 

longer life time [26, pp. 1-8]. 

 

The heating material may withstand and work successfully in a vast number of different 

atmospheres. These are oxidizing atmospheres such as air, carbon dioxide and water vapor 

but also neutral, reducing and carburizing atmospheres [26, pp. 1-8]. The MoSi2 heating 

element includes seven grades with specific features for varying applications. The different 

modifications are adapted to specific atmospheres such as vacuum, air, inert, N2 or H2 at 

certain temperatures. Regarding a reheat furnace, the following section is concentrated on the 

Kanthal Super 1700-1800 as well as Kanthal ER. The concerned modifications have a 

maximum temperature 1580-1800 °C, where Kanthal Super ER has the lowest and Kanthal 

Super 1800 has the highest operating temperature [25, pp. 1-7]. 

 

4.4.1 Characteristics 
As presented in figure 6 below, all Kanthal Super element modifications have increasing 

resistivity with respect to element temperature. Furthermore, the oxide thickness is increased 

with operating time [25, pp. 1-7]. 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The resistivity of the Kanthal Super heating element will gradually increase in regard to 

increasing temperature. Furthermore, considering constant voltage supply, the power will be 

higher at lower temperature and continuously be reduced as the temperature increases. This is 

beneficial since the danger of overheating is avoided. The MoSi2 heating material possesses 

properties that withstand aging. The resistance does not change during long operating times at 

high temperatures. In fact, it is only during the first period of time a reduction of about 5 % 

[26, pp. 1-8]. 

 

4.4.2 Surface loading 
Approximately, Kanthal Super is able to operate at surface loadings up to 30 W/cm2 in 

oxidizing atmosphere such as air. As observed in figure 7 and 8 below, Kanthal Super may 

operate at higher surface load than other heating elements. 

 

Figure 6, The oxidation properties with respect to operating time as well as resistivity with respect to element 

temperature for different Kanthal Super modifications [25, pp. 6]. 
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Figure 7, Surface load of Kanthal Super in comparison to other existing heating elements [25, pp. 7]. 

 

 
Figure 8, The surface loading of Kanthal Super 1700 and Kanthal Super 1800 with respect to its element temperature, 

furnace temperature, element diameter and current passing through the material [26, pp. 9]. 

4.4.3 Element dimensions 
The element consists of a heating diameter and a terminal diameter. The ratio between the 

different diameters is roughly consistent, namely 1:2. In figure 9 below, the available 

diameters of Kanthal Super modifications are presented.  
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Figure 9, The size of Kanthal Super element, where the terminal diameter is twice the length of the heating diameter [25, pp. 

6]. 

4.4.4 Vertically and horizontally mounted elements 
U-shaped vertically suspended elements fitted through the roof of the furnace are considered 

to be the standard design. When mounted vertically the heating elements are permitted to 

radiate freely and the excellent properties Kanthal Super are best utilized. For larger and more 

demanding furnaces, the elements may be fitted through the roof along the whole width to 

reach the desirable furnace temperature. Also, the elements possess the benefit to be bent, 

usually 45° or 90°, allowing the elements to be mounted through through the sidewalls [27, 

pp. 1-5]. In figure 10, straight or bent vertically mounted elements are presented. 

 

 
Figure 10, Two different types of element installation in a brick lined furnace. To the left the elements are straight fitted 

through the roof and to right, the element are bent 90° fitted through the furnace walls [27, pp. 1-2]. 

 

Horizontally mounted elements are an option if the furnace height is considered low for 

installing vertically mounted elements. However, the Kanthal Super elements begin to soften 

at 1200 °C and therefore usually require supporting bricks consisting of mullite or sillimanite. 

Using a supporting material limits the element from reaching its maximum operating 

temperature due to the risk of reaction between the supporting material and the heating 

element. If a reaction occurs, this may lead to fracture of the element when cooling down. By 
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using mullite or sillimanite the maximum element temperature is regardless high, namely 

1600 °C [27, pp. 1-5]. 

 

4.4.5 Oxide layer 
Besides consisting of MoSi2, the material is covered with an oxide layer, primarily a glass 

phase. On the element surface a thin and adhesive protection layer of quartz, SiO2, is formed 

when MoSi2 reacts with oxygen in the atmosphere. At the same time, another thin layer with 

lower silicon content is formed under the thin quartz layer, namely Mo5Si3.  

 

During practical use it is inevitable for the heating elements to not being exposed to 

impurities in the air. Consequently, if the impurities react with silica, the melting point will be 

lowered. However, the material possesses a noteworthy property. This is by means the ability 

to rebuild a new silica layer if the contaminated layer would drop off. Also, the heating 

elements withstand corrosion [26, pp. 1-8].  

 
4.5 Kanthal Globar, SiC Elements 
 

The Kanthal Globar element is a suitable choice in a wide range of furnace applications, 

including metal industries. This is due to its excellent heating properties that enable a long 

element life in at different atmospheres as well as in wide temperature ranges. Even at the 

maximum operating temperature, it is possible to mount the Kanthal Globar elements both 

vertically or horizontally without support since the material remains rigid. Concerning either 

intermittent or continuous processes, SiC elements tolerates a much higher electrical loading 

than metallic elements with simplified maintenance as elements may be replaced while the 

furnace is hot [28, pp. 4-9]. 

 

The elements are available as round section rods or tubes with available diameters of 10-55 

mm. The cold ends of the element consist of sprayed aluminium, which pass through the 

lining of the furnace. As alumina has low resistivity the majority of the heat generated comes 

from the middle zone, namely the hot zone. When considering the choice of type of Globar 

element, thus the most suitable amount of element legs, there is an advantage of using 4-legs 

since it can replace two U-type elements, reducing the number of terminal connections and 

holes through the furnace lining. The multi-leg elements are vertically suspended through pre-

drilled refractory support blocks. The blocks are shaped to fit corresponding holes in the 

furnace roof [28, pp. 4-9].  

 

When applying the Kanthal Globar element, there are installation factors to consider in order 

for the element to be best utilized with maximum life. There are several very detailed factors 

to acknowledge. However, the study is concentrated on mentioning the most essential. Firstly, 

it is important to contemplate applying special lead-in sleeves to ensure enough element 

support. Secondly, the element must be able to move radially and axially in their sleeves and 

support holes. Thirdly, the heating zone is not allowed to enter the element support holes due 

to risk of overheating. Lastly, the support blocks must be capable of withstanding the element 

temperature, which usually is higher than the furnace temperature. The blocks should 

therefore have high electrical resistivity to prevent conduction between adjacent legs [28, pp. 

10-15]. 

 

When the resistance heating element is horizontally installed there are several essential factors 

to take into account. Firstly, if the elements are long, the cold ends must be supported so that 

the element is enabled to laterally move freely. Secondly, the legs must only be supported by 
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the ceramic tube without being in contact with the insulation. Lastly, the elements should 

generally be mounted in the same horizontal plane. [28, pp. 10-15] 

 

The spacing between the element centres is preferred to be 2.5-3 times the diameter. Between 

the element centres and the refractory lining the distance is recommended to be 1.5 diameters. 

Also, it is recommended to have a distance of at least 2 diameters between the element centres 

and the heated product [28, pp. 10-15].  

 

4.5.1 Characteristics 
SiC elements have much higher resistivity than metallic heating elements as well as being 

able to operate at higher surface loadings. The rate in which the silicon carbide heating 

elements increase in resistance is depended on factors such as furnace temperature, element 

surface loading, type of atmosphere, mode of operation i.e. continuous or intermittent as well 

as operating practices and type of power control method. For instance, at the operating 

temperature 1400 °C, the resistance increases at a rate of 5-6 % per 1000 hours if operated 

continuously in clean air [28, pp. 16-19]. 

 

The applied surface loading is directly proportional to the element temperature.  To optimize 

the element life, the power loading should be minimized with respect to furnace 

configuration. Supposing that the surface load is higher than recommended, the heat transfer 

by conduction, convection or radiation from the element risk not being rapid enough. Thus, 

this may lead to over-heating and premature failure of the element. Although ceramic 

materials are resistant to rapid heating i.e. thermal shock, the heating up from cold should be 

controlled by limited voltage applied. Normally, to ensure maximum life, surface loading is 

approximately 3-8 W/cm2 per element. Figure 11 shows the recommended element loadings 

used in air which may be used as a guide for the concerned. However, a lower loading should 

be considered if the elements operate in reducing or other process atmospheres [28, pp. 16-

19]. In figure 11 below, the maximum surface load of Kanthal Globar SD is presented with 

respect to element temperature and furnace temperature. The coloured area shows the 

maximum recommended surface load at certain element temperature and furnace temperature. 
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Figure 11, Recommended surface loadings for Kanthal Globar SD operating in air [28, pp. 17]. 

 

When operating in air, the SiC heating element reach its highest maximum temperature i.e. 

1600 °C in comparison to other atmospheres. Furthermore, the element surface loading 

should be set to achieve an operating temperature of leastwise 900 °C [28, pp. 16-19].  

 

Considering using the elements for a continuous operation, the recommended element 

temperature is 1400 °C and above to ensure maximum service life. During short periods of 

production intermission, it is thus preferable to idle high temperature furnaces at 900 °C [28, 

pp. 16-19].  

 
Kanthal Globar offers to be connected in series, parallel or a combination of the two. 

However, parallel connection is suggested due to the fact that variations in resistance value 

will balance over time. Also, it is successful to combine the two, though series groups 

connected in parallel to avoid overloading of the operating elements if one element would fail 

[28, pp. 20-23]. 

 

4.5.2 Oxide layer 
The elements form a protective stable amorphous silica film covering the silicon carbide that 

inhibits the later rate of oxidation. The rate of oxidation is limited by the diffusion of oxygen 

through the silica layer. Also, the heating element will be seriously damaged if exposed to 



 19 

water vapor. For the first set of elements in brick lined or refractory lined furnaces, water 

vapor is likely to be present since some evolution of steam is inevitable during the first 

heating. Therefore, the furnace should be completely dried [28, pp. 16-19]. 
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5 Internal Heat Generation Methods 
 

In this section direct resistance heating and induction heating will be examined. Both of these 

methods are based on generating heat internally in the metal. By letting a current pass through 

the metal heat will be generated, this is commonly named joule heating. The heat that is 

generated is determined by the current and the resistance of the material.  

 

By generating heat inside the material, the heating can be more efficient than heating through 

an external source such as fuel burners and indirect resistance heating furnaces, where the 

heat must be transferred to the workpiece by radiation and convection [29, pp. 1-2].  

 

5.1 Direct Resistance Heating (DRH) 
 

When an alternating current flow through a conductive medium it will create its own 

magnetic field that will concentrate the current to an area close to the surface. This is called 

the skin effect and will further be discussed more thoroughly. However, this effect will alter 

the value of the electromagnetic quantities at different depth in the conductive medium [30, 

pp. 4-23]. 

 

To understand how this effect will alter the electromagnetic quantities at different depth, a 

semi-infinite slab is considered. The semi-infinite slab consists of a x-z plane at y=0 i.e. at the 

surface. This plane reaches to infinity in both directions, beneath this plane the slab also 

reaches to infinity in the positive y-direction, see figure 12. The slab has a current passing 

through in the z-direction and because of symmetry the current density is the same for any 

given slice, Δx. There is a variation of current distribution in the y-direction but for a given x-

z-plane it is the same everywhere in that plane, because of this the problem can be simplified 

by looking at given width, w in the x-direction. It is also known that there must be a constant 

voltage drop in the z-direction, at some point the voltage goes to zero. If this occurs at z = l, 

now the problem is bounded by x = w and z = l, but still reaches to infinity in the positive y-

direction [30, pp. 4-23].  

 

 
Figure 12, Semi-infinite slab with shown directions for current density and magnetic field [30, pp. 4-23]. 

 

Given that the current only flows in the z-direction and by utilizing Amperes law, Faradays 

law and some mathematical manipulation the following distributions may be obtained, see 

equations 4-7. The current density, Jz, electrical field, Ez, magnetic field density, Bx and the 

magnetic field, Hx, with respect to the depth in the slab is expressed [30, pp. 4-23]. 
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 Eq. (4-8) [30, pp. 4-23] 

 

Js is the RMS value of surface current density which is used because of the sinusoidal 

dependence of the applied current. ω is the angular frequency, ρ is the resistivity and µ is the 

permeability of the conductor. 

 

5.1.1 Skin depth 
In the beginning of last section, the skin effect was mentioned and how the current flows in an 

area close to the surface. Equation 4 shows that for y = 0 i.e. at the surface the current density 

is equal to its surface value, Js, after that the current density is exponential decreasing with 

increased depth. At the depth where current density has decreased to a factor 1/e = 0,368 of its 

surface value, this depth has been given the name one skin depth, δ, i.e. at a depth of y = 1/α 

Which leads to the following expression for the skin depth or penetration depth [30, pp. 4-23]. 

1 2


 
= =   Eq. (9) [30, pp. 4-23] 

 

The cosine term shows that a phase-lag occurs between the current density at the surface and 

the current density at a given depth, y. The phase lag is given by the term (-αy).  At one skin 

depth one can immediately observe that the phase-lag between Jz and Js is one radian (57.3 °). 

However, they follow the same angular frequency, ω, at every depth. At a depth of y=2δ, the 

current density has decreased to Jz = 0.135 Js and will continue to fall of exponentially. 

Now it’s is also clear that the skin depth varies with different material since the skin depth is 

proportional to the square root of the resistivity and inversely proportional to the square root 

of the permeability which are both material properties. It is also evident that the skin depth is 

decreasing with a higher applied frequency of the alternating current. With a high enough 

frequency, the current almost flows entirely on the surface of the conductor [30, pp. 4-23].  

 

5.1.2 Power loss per surface area 
The power loss per surface can be obtained by integrating ρJz

2
 through the volume and over a 

couple of cycles. It is convenient to calculate the surface loss per square meter of surface. In 

the case of this semi-infinite slab, the surface of one square meter is given by the x-z plane 

where 0≤ x ≤1 and 0≤ z ≤1 at y=0. It is also clear that there is no difference in the current 

density with respect to x and z and thus the following expression can be integrated solely over 

the depth rather than the volume since we consider one square meter of surface. 
2
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Thus, a ratio between the power loss per square meter up to a depth of y, P y , and the total 

power loss, P tot can be observed in equation 11. 
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If one skin depth is considered i.e. y=1/α =δ the ratio, P y / P tot=1-exp(-2) =0.865. If y=2δ 

then the expression P y / P tot=1-exp(-4) = 0.982. The physical interpretation of this is that 

86.5 % of the total power is produced within one skin depth and within two skin depths 

98,2% of the total power is produced [30, pp. 4-23]. 

 

In figure 13, The power loss ratio, equation 11 is plotted for different values of y/δ. 

 
Figure 13, Plot for the power loss per surface area for different depth, y. 

 

The value of P   is important for the calculations of heating effects in the slab. It is this power 

that raises the temperature of the slab. Most of the heat generated is confined within one skin 

depth from the surface, this becomes a problem when thick slabs are heated with DRH. Since 

the temperature will rise significantly in the surface while the bulk of the slab will not be 

heated directly since the current density has fallen off to such a degree that no significant heat 

will be generated. For the core to increase its temperature heat must be transferred from the 

outer layers where the heat is generated. The heat transfer occurs by thermal conduction.  

This power loss factor can be expressed by the electric field instead of current density since 

E= ρJ. Concerning the heating method it is more relevant to relate the power distribution to 

the applied voltage rather than an applied current density. Now equation 10 may be 

transformed to, 
2

2

Es


=P    Eq. (12) [30, pp. 4-23] 

Where Es is the RMS value for the for electric field [30, pp. 4-23]. 

 
5.1.3 Limitations of DRH 
Even though direct resistance heating is an efficient method to generate heat, there are some 

limitations regarding the geometry of the object to be heated. Workpieces with large cross 

sections will demand considerable currents in order to heat the object [29, pp. 1-2]. There will 

also be a problem with the contacts pressed against the slab to lead the current through it. This 

because the aim of this report is the heat the slab to 1250 °C but since the contacts are most 

likely made of copper which has a melting point of 1064 °C, they must be heavily cooled in 

order to not melt. This would counteract the heating [30, pp. 4-23]. 
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5.2 Induction Heating 
 

Induction heating is a heating method that is based on inducing currents in an electrically 

conducting material. The currents that arise in the conductor are referred to as eddy currents 

and is a current that flows in a plane perpendicular to the applied magnetic field. When these 

currents flow through the material joule heating will occur due to the resistance of the 

conducting material and thus increasing the temperature. Eddy currents are induced by either 

moving the conductor relative to a magnetic field or by having a stationary conductor and 

utilizing an alternating magnetic field. The alternating magnetic field is produced by letting an 

alternating current pass through a coil. The coil is often made out of copper. For the purpose 

of heating a metal slab the later alternative is the one that will be discussed in the following 

section [30, pp. 75-84].  

 

To grasp the concept of induction heating a semi-infinite slab is considered again. See figure 

14. The semi-infinite slab reaches to infinity in the positive y-direction and in the x-direction 

a length of one meter can be considered for practical reasons. The coil with its symmetry axis 

in the x-direction is wrapped around the slab and by alternating the current inside the coil, the 

coil produces an alternating magnetic field in the x-direction. Since the airgap between the 

coil and the slab is small both can be considered to have the same magnetic field Hs, where Hs 

is the RMS value of the applied sinusoidal field [30, pp. 75-84]. 

 

 
Figure 14, Semi-infinite slab with directions of the applied magnetic field [30, pp. 75-84]. 
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  Eq. (13-16) [30, pp. 75-84] 

 

These are the boundary conditions for the magnetic field produced by the coil. 

In the section regarding DRH with AC it was the applied current that contributed to a 

magnetic field H, in this section it is the opposite, the applied field Hs is produced by the coil 

that induces a current in the slab. For this specific case of a semi-infinite slab the equations 4-

8 may be applied here as well since the electromagnetic quantities are the same for induction 

as well [30, pp. 75-84]. 

 

From low-frequency Maxwell equation the following expression is obtained: 



 24 

ˆ ˆ ˆ

x y z

x y z

J curlH
x y z

H H H

 
 
   = =

   
 
 

   Eq. (17) [30, pp. 75-84] 

 

The boundary conditions for the applied magnetic field is that no magnetic field in the y and z 

direction is present i.e. Hy=Hz=0. Further the only change of Hx is with respect to the y-

direction therefore: 

 

 

 

ẑ 
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Where j is the imaginary unit. With mathematical manipulation and utilizing that 
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              Eq. (19-21) [30, pp. 75-84] 

 

5.2.1 Total current  
The total current that flows per meter width, w=1m, can be found by integrating the current 

density through the depth of the slab. 

0

 exp
42

s
z

J j
I J w dy I






− 

= → =  
 

    Eq. (22) [30, pp. 75-84] 

 

From combining equation 19 at y=0 and equation 22, the following equation is obtained. 
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   Eq. (23) [30, pp. 75-84] 

 

This derived equation indicates that the total current that flows per meter width has the same 

numerical value as the applied field at the surface, Hs, [30, pp. 75-84].  

 
5.2.2 Power loss 
The power loss that occurs is given by the same equations as in the DRH section, i.e. equation 

10. However, it’s more relevant to express it in terms of the applied magnetic field Hs. By 

utilizing that 2s sJ H=  [30, pp. 75-84].  

The power loss is now given by 22   /s W mH



=P   Eq. (24) [30, pp. 75-84] 
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5.2.3 Heat distribution 
The previous section was an introduction for grasping relevant concepts regarding induction, 

such as skin depth and how the different electromagnetic quantities depends on the skin 

depth. The power loss per square meter surface P   was also presented for the simplified 

example of a semi-infinite slab. This value is essential for calculating the heating effects on 

the slab and how the heat that is generated within the slab is transferred by thermal 

conduction from the outer layers i.e. one to two skin depths from the surface [30, pp. 75-84]. 

Remembering that in previous section it was constituted that 86.5% of the thermal power was 

generated within one skin depth from the surface, this is further confirmed by Morandi, A. & 

Fabbri, M. [31].  

 

When heating slabs high uniformity is sought after at the end of the process, lower than 25 °C 

difference between core to surface is optimal. When considering induction heating of steels its 

more effective if the steel is non-magnetic such as some stainless steels compared to carbon 

steel with a magnetic ferritic microstructure. This is based on the difference in relative 

permeability, µr. Non-magnetic steels have a lower relative permeability that leads to a greater 

penetration depth, since 02 / r    = . Still, the injected thermal power that is distributed 

within one skin depth is approximately 86.5 % of the total generated power. With a greater 

penetration depth, the generated heat is distributed in a larger volume which leads to a smaller 

temperature gradient between surface and core. Ferromagnetic carbon steels on the other hand 

has a higher permeability, thus resulting in a smaller penetration depth and the risk of 

overheating certain parts of the slab is increased. Yet, if the carbon steel is above the Curie 

temperature Tcr  770 °C it loses its ferromagnetic properties i.e. the permeability approaches 

unity. When this occurs the skin depth increases by a factor 50-100 [31, 32]. 

 

It is now clear that most of the heat generated is confined close to the surface and in some 

cases when the penetration depth is small e.g. a ferromagnetic steel below TCr, there are 

excessive temperature differences from surface to core. When the temperature diffrence is to 

large it can lead to cracking or even local melting. To prevent this, the process is often 

divided into periods where the power is lowered or even turned off, this lets slab homogenize 

its temperature. This is of utterly importance when heating slabs due to its rectangular cross 

section. This is due to the electromagnetic end-edge effects can produce areas with high 

power concentrations. [32] 

 

The end-edge effect was not considered in the previous section with the semi-infinite slab this 

was due to the fact that the slab was semi-infinite and no edges and ends of the slab was taken 

into account. Which is a simplification. What it essentially means is that there is a distortion 

of the electromagnetic field in the edges of the slab. A slab located in a longitudinal magnetic 

field will be affected by both longitudinal as well as transversal edge-effects and they will 

overlap each other. The both mentioned have a two-dimensional behaviour and are dependent 

on the ratio between the thickness and the skin depth. However, in the corners the field is 3 

dimensional. This distortion tends to lead to different power concentrations in the slab [29, 

pp. 19-22].   

 

With computer aided analysis these power distributions can be obtained and observed 

graphically. This was done by R B Mei, C S Li1, B Han and X H Liu in their report "Finite 

Element Analysis of Slab Steel in the Process of Induction Heating". The results from their 

simulation is presented in figure 15 below, which demonstrates where in the slab the 

temperature is increasing the fastest, i.e. where the power distribution is the greatest. The 
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figure shows the upper right quarter of a slab with dimensions 0.2 m x 1.0 m.  Edge-end 

effects are considered in this case [33]. 

 

 
Figure 15, Temperature distribution zones in a slab [33]. 

 

For low frequency induction heating in an early state the temperature is rising at different 

rates in different zones where zone I is the increasing the fastest. Comparing the temperature 

increase in all zones the result is.  I > II > III > IV > V. After a while when the overall 

temperature in the slab has increased the relationship above is no longer true, due radiation 

losses which becomes relevant when the temperature has increased. It is known that radiation 

losses are often given by W/m2 and thus the different zones will emit energy at different rates, 

depending on their surface area. The temperature increase is now the fastest in the following 

order: IV> I > II > V > III [33]. 

 

5.3 Simulations of Induction Heating Slabs 
 

Antonio Morandi and Massimo Fabbri performed simulations in their report” In-Depth 

Induction Heating of Large Steel Slabs by Means of a DC Saturating Field Produced by 

Superconducting Coils” to try a concept when they utilized two coils. One AC copper coil 

that produces the magnetic field that will heat the slab via induction as well as 

superconducting coil that uses DC to produce a secondary magnetic field that is perpendicular 

to the AC coil. This DC coil can produce a tremendous magnetic field of approximately 2 

Tesla in the centre of the slab. When the steel slab is exposed to such a strong magnetic field 

the slab is brought to magnetic saturation. The magnetic saturation reduces the permeability 

by orders of magnitude which increases the penetration depth with a factor of approximately 

50-100. They did simulations both with and without the DC coil to be able to make a 

comparison between the two methods [31]. 

 

The slab that is considered in all their simulations are 0.2 m thick 1.0 m wide and 5 m long 

and is made from a common cast steel with magnetic properties and a density of 7870 kg/m3. 

The temperature dependence of the slabs physical properties such specific heat capacity, 

resistivity and thermal conductivity were considered. To obtain values for the permeability at 

different temperature, a linearization of the curves for the flux density, B, and the applied 

magnetic field, H, was performed. The result from this show that µr is decreasing smooth with 

increasing temperature. However, when the temperature passes the Curie temperature, i.e. 770 

°C the decrease in relative permeability is rather sudden. With these results they were able to 

plot the penetration depth as a function of the slab temperature. This result is expressed in 

figure 16, below. The figure also shows the penetration depth for different applied DC-fields. 

The AC-coil produces a field with a frequency of 50 Hz [31]. 
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Figure 16, The penetration depth for different temperatures and DC-saturation fields [31]. 

 

As can be observed in the figure 16, the penetration depth for this type of magnetic steel is 

low until the slab reaches the Curie temperature, when there is a sudden significant increase 

of penetration depth due to a drastic, sudden decrease of the relative permeability. 

 

The layout of the heater apparatus A. Morandi and M.Fabbri used is a 5.5 m long water 

cooled copper coil surrounding a refractory hull to protect the coil from heat radiation from 

the slab and reduce the heat losses by radiation. The slab is laying on a skid system for easy 

transportation in and out of the heating system [31]. In figure 17, a cross-sectional view of the 

layout A.Morandi and M.Fabbri used for the induction module used in their simulations.  

 

 
Figure 17, Cross sectional view of the induction heater layout [31]. 

 

The copper coil in this case is one single unit and is 5.5 meters long and therefore covering 

the whole slab. In industrial purposes, the coil can be split up into multiple units but for the 

simulations a single unit coil was more convenient. The copper coil is designed to produce a 

maximum AC field magnitude of 200 mT. The DC coil is split in two parts, namely an upper 

and a lower part. They are surrounded by a cryostat to be able to keep the operating 

temperature of 16 Kelvin. The conductor is made of MgB2 wire. The DC can produce a field 

of 2 T in the centre of the slab. It is of utterly importance that the DC coil is perpendicular to 

the AC coil in order to avoid AC losses and induced voltage [31]. 

 

As uniform temperatures are necessary in the heating process there were several temperature 

related requirements for the simulation [31]. They are provided in figure 18 below. 
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Figure 18, Primary and secondary temperature objectives for the simulations [31]. 

 

5.3.1 Simulation without DC-saturation. 
 

The heating sequence was split up in intervals where the first heating interval used an 

amplitude of 90 mT and a frequency of 50 Hz. When the Curie temperature was achieved in 

the entire slab the first stage was complete. In the second state a magnetic field of 180 mT and 

a frequency of 110 Hz was used. Both the amplitude and frequency of the AC field for the 

two stages of the heating processes was obtained by trial and error to try to match the primary 

heating requirements mentioned. After 76 minutes the heating process was completed [31]. 

As observed in figure 19-20. 

 

 
Figure 19,Temperature in different regions of the slab with respect to time [31]. 
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Figure 20, Surface to core temperature difference and thermal power input with respect to time [31]. 

 

The secondary objects were not met in this heating process. However, the secondary 

objectives for temperature could be achieved by allowing the slab temperature homogenize 

however this would result in an even longer time before the slab is finished heating. A shorter 

heating time is difficult to achieve because the main problem is to keep the surface to core 

temperature as low as possible, but this is challenging to achieve without lowering the 

frequency or lowering the amplitude, which both lowers the thermal power input and thus 

prolonging the heating time further [31].  

 
5.3.2 Simulations with DC-saturation 
Regarding their study they reviewed two different heating solutions with an applied DC-

saturation field of 2 T. The first solution was faster, but the surface-core temperature was 

much higher than it was for the second solution [31]. The saturation field of 2 T has a 

substantial impact on the penetration depth even at lower temperatures, as observed in figure 

16. 

 

For the first solution they used an AC field with 200 mT and a frequency of 300 Hz in the 

first stage. The first stage is in progress until the maximum temperature allowed Tmax =1350 

°C was reached. During the second stage the AC field had the same amplitude of 200 mT but 

the frequency was reduced to 50 Hz. The time of heating was almost reduced by 50% with the 

DC-field of 2 T, while they were capable of using a relative high frequency of 300 Hz during 

the first stage due to the magnetic saturation without any surface hotspots. The thermal power 

input into the slab was considerably more consistent and had an average thermal input 

significantly higher than what was observed in the heating process without the DC field. All 

the primary heating requirements were met and if the heating process is continued up to 43 

minutes the secondary objectives could be achieved as well [31]. The temperature, The 

temperature difference between surface and core as well as thermal power input for solution 1 

are observed in the Figure 21- 22. 
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Figure 21, Temperature in different regions of the slab with respect to time, DC-field of 2 T applied, solution 1 [31]. 

 

 
Figure 22, Surface to core temperature difference and thermal power input with respect to time, DC-field of 2 T applied, 

solution 1 [31]. 

 

Regarding the second solution with the DC-field they took another approach in order to obtain 

an even lower surface-core temperature This could be useful if the steel that is being heated is 

sensitive to large temperature gradients. The first stage of the simulation uses an amplitude of 

200 mT and a frequency of 110 Hz. During the second stage they reduced the amplitude to 

130 mT but kept the frequency at 110 Hz. The heating process ended after 46 minutes with all 

objectives met [31]. The temperature, the temperature difference between surface and core as 

well as thermal power input for solution 2 are presented in the Figure 23- 24. 
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Figure 23, Temperature in different regions of the slab with respect to time, DC-field of 2 T applied, solution 2 [31]. 

 

 
Figure 24, Surface to core temperature difference and thermal power input with respect to time, DC-field of 2 T applied, 

solution 2 [31]. 
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6 Specific Heat Capacity and Heat Content of Steels  
 

The specific heat capacity, Cp, is the required amount of thermal energy to increase the 

temperature of a kilogram substance by one-degree Kelvin. The SI unit for the specific heat is 

given by J/kg·K. The specific heat capacity for a material also depends on the temperature of 

the substance [34]. 

 

Concerning a 304 stainless steel the specific heat is given as function of temperature, see 

equation 24 [34]. The function is valid for temperatures between 298 K to 1727 K. Figure 25 

illustrates Cp with respect to temperature. 

( ) 7 2443 0,2 8 10  J/kg KpC T T T−= + −     Eq. (25) [34] 

 

 
Figure 25, The specific heat capacity of the type 304 stainless steel 298<T<1727. 

 

Generally, carbon steel has similar specific heat capacity as stainless steel. However, at 

approximately 750 °C the carbon steel microstructure undergoes a phase transition from 

ferrite and cementite (pearlite) to an austenite. The phase transition is the reason to the 

significant and sudden increase of specific heat capacity. After the peak, the specific heat is 

significantly lowered and almost converges to the same values as stainless steel [35]. Specific 

heat capacity temperature dependence is presented in figure 26. 

 

 
Figure 26, Specific heat capacity for a carbon steel and a stainless steel [35]. 
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To calculate the heat content required for carbon steel, table 2 presents the required heat 

content at certain temperatures [20, pp. C-2]. 

 

 

 

 

 

 

 

 

 
6.1 Equations  
 

To calculate mass and energy balance for the reheating furnace concept, the following 

equation is necessary. 
2

1

T

p

T

Q m C dT=    Eq. (26) [34] 

 

The efficiency of heat transfer in the furnace is given by the following ratio.  
Q

P
 =    Eq. (27) [34] 

 

Where �̇�is the thermal power injected in the slab and P is the power input in the heating 

apparatus. 

 

6.1.1 Estimation of kW rating  
An approximation of the input rating is calculated by the following equation. 

 

𝐹𝑢𝑟𝑛𝑎𝑐𝑒 𝑟𝑎𝑡𝑖𝑛𝑔 (𝑘𝑊) =
𝐻∙�̇�

𝜂
, Eq. (28) [20, pp. C-2] 

where H=heat content of metal at final temperature in kWh per 

tonne charge. 

 

�̇�= the heating rate in tonne per hour i.e. the hourly throughput of 

the furnace. 

 

η=heating efficiency factor. 

 

6.1.2 Heating element loading 
The element power is mainly limited with regards to maximum element temperature, type of 

atmosphere and operating cycles. The surface loading, W/cm2, is based on the following 

equation. 

 

𝑃 =
𝑃𝑜𝑤𝑒𝑟 𝑝𝑒𝑟 𝑒𝑙𝑒𝑚𝑒𝑛𝑡

𝑆𝑢𝑟𝑓𝑎𝑐𝑒 𝑎𝑟𝑒𝑎 𝑜𝑓 𝑡ℎ𝑒 ℎ𝑜𝑡 𝑧𝑜𝑛𝑒 𝑠𝑒𝑐𝑡𝑖𝑜𝑛
 Eq. (29) [28, pp. 16] 

 

The surface area of the hot zone area is calculated by π∙D∙L, where D is the diameter in cm 

and L, the length of the hot zone section in cm.  

  

Temperature, °C Heat content of carbon steel, kWh/tonne 

800 148 

1000 189 

1200 224 

Table 2, Heat content, kWh/tonne, required to heat carbon steel with respect to temperature, °C [20, pp. C-2]. 
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7 Method 
 

Regarding the aim to reduce the carbon footprint from steel reheating furnaces, specifically 

the walking beam furnace, alternative electric heating methods have been reviewed in order to 

create a concept maintaining the same production rate as today’s fossil fuel furnace. The 

approach of applying alternative electrical heating solutions has been through analysing 

existing reports and studies presented in the literature study [20-33]. 

 

This report is based on scientific reports specifically about induction [29-33], reports 

published by companies manufacturing resistance heating elements [23, 25-28], as well as 

scientific literature distributed by research and development institutions [20]. The literatures 

about induction heating encompass similar scenarios heating a steel slab [30, 31, 33]. 

Likewise, literatures about resistance heating elements comprise facts of applications with 

similar temperatures and atmosphere required to heat a steel slab [23, 25-28]. The facts from 

the literature studies were further adapted to the case of reheating a steel slab in a continuous 

industrial process. 

 

Based on the literature study, a concept was formed based upon the advantages as well as the 

disadvantages of the different investigated electrical heating methods. This resulted in a 

concept utilizing both resistance heating elements and induction heating.  

 

The calculations are to be based on heating ”carbon steel” and “stainless steel” as referred to 

the literature study. As the production rate is determined to be a constant, the energy required 

for heating the steel types could be calculated. However, the needed energy to heat the slab is 

to be estimated, since no energy efficiency is investigated in this report. By calculating the 

estimated required energy, the number of heating elements and amount of induction modules 

could approximately be determined. Lastly, the total energy demand heating the slabs to 

target temperature with respect to productions rate could be calculated.  
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8 Results 
 

Analysing the three different electrical heating methods, the proposed concept of an 

electrified reheating walking beam furnace will contain of resistance heating elements and 

induction heating to heat the slabs to the set target temperature. The proposed design of the 

electrified reheating furnace is divided into two parts. The first part of the heating process will 

be referred to as a preheating furnace, where the aim is to bypass the Curie temperature of the 

steel with a temperature of 850 °C. The preheating furnace is utilizing resistance heating 

elements. The second part of the concept is an induction heating system consisting of several 

induction modules, heating the slabs to 1250 °C.  

 

8.1 Concept for an Electrified Reheating System 
 

The preheating furnace transportation system is design in the same way as existing walking 

beam furnaces, with a walking beam mechanism. The preheating furnace has the same 

movable and stationary skids that transports the workpieces through the furnace. Furthermore, 

the preheating furnace will consist of the same refractory material, since the furnace linings 

are predicted to be suitable with respect to heating element temperature. 

 

However, some modifications of the existing furnace design will be considered regarding a 

replacement of combustion heaters with resistance heating elements. The housing of the 

furnace is proposed to be lower than in the existing furnaces, since the heating elements can 

be placed closer to the workpiece than burners. 

 

In addition, applying resistance heating elements the composition of the furnace atmosphere 

will contain air without combustion products, circulating in a smaller furnace volume. 

Consequently, a smaller furnace volume results in energy savings, as less air is required to be 

heated. Thereby, the heating elements are installed at an appropriate distance from the heated 

workpiece as well as taking into consideration a distance that avoids damaging the workpiece, 

furnace walls and heating elements nearby. 

 

The type of element selected in regard to the literature study and calculations is the Kanthal 

Super 1800, consisting of MoSi2. The resistance heating element has sufficient properties 

when operated in air, namely contributing to a controlled furnace temperature, high watt 

loading, long element life and the capability of being mounted vertically or horizontally.  

 

The proposed continuous transportation system for the induction heating line is illustrated in 

figure 27. The induction heating line, where the target temperature of 1250 °C is reached by 

induction heating, is located right after the preheating furnace. The workpiece leaves the 

preheating furnace on to a conveyor roller transport system with the help of an automatic 

industrial scale forklift utilizing the same motion as the walking beam mechanism. The fork 

integrates between the stationary skids under the workpiece and then lifts it up and out of the 

preheat furnace down on the conveyor roller transport system. On the conveyer rollers the 

workpiece is firstly transported in a longitude direction on to a transverse conveyor roller 

system that takes the workpiece down the line where several induction heating modules are 

located. The workpiece is lifted in to an empty induction module via an automatic forklift in 

longitude direction, i.e. longitude induction is used. 
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Figure 27, Proposed concept of the second part of the preheating furnace with transportation system and induction modules. 

 

The induction heating modules is illustrated in figure 28. The induction heating modules 

geometry is designed to fit the geometry of the workpiece as good as possible, so the AC coil 

can be as close to the workpiece as possible which results in increased efficiency. The module 

is built as a casing around the workpieces. The casing is built of refractory material which 

insulates the slab and protects the AC coil from radiation heat. The workpiece is lifted on to 

stationary skids inside the casing by an automatic forklift. The skids are only made of 

refectory material and has no water cooling inside. The AC coil made of copper is located 

outside and around the refectory casing. The copper coil is water cooled and also divided into 

multiple units. Also, there is a housing protecting the module from external influence and 

keeps the module intact.  

 

 
Figure 28, Design of the induction module with the slab, skids, walls and roof in refectory material and the AC coil 

surrounded with a housing. 

 

After a homogenous temperature is reached inside the induction modules an automatic forklift 

lifts out the workpiece, as illustrated in the last steps in figure 27. The workpiece is then 

placed on conveyor rollers that transport the workpiece in a transverse direction on to another 

conveyor roller system that transfer the workpiece in a longitude direction to the hot rolling 

mill process.  

 
8.2 Calculating Energy and Mass Balance for the Proposed Concept  
 

When proposing the new concept for the electrified reheating furnace one of the most 

important parameters is to maintain a steady production rate. The varies between different 
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steel producers in the span between 100 – 300 tonne/h that passes through the walking beam 

furnace. For this concept a production rate of 200 tonne/h is selected. 

 

Another important parameter is for the concept to be as efficient as possible, i.e. a high 

thermal efficiency. The best scenario possible is if all thermal power that enters the system 

should go solely to heating the slab. However, in the following calculations, a heat efficiency 

factor will be considered.  

 

8.2.1 The preheating furnace 
The power required to heat slabs consisting of either carbon steel or stainless steel to 850 °C 

is calculated in the following section. 

 

Stainless steel 

The power needed for heating slab with the mass flow of, �̇�=200 tonne/h =55.556 kg/s to the 

appropriate temperature is by applying equation 26. 
2

1

T

p

T

Q m C dT=     

 

The slabs entering with a temperature of 20 °C, T1, and reaches a temperature of 850 °C , T2, 

that the slab has when leaving the preheating furnace. 

The 304 stainless steel that was presented in the section about specific heat, is considered. 

The integral in equation 26 is calculated with MATLAB, and the temperature dependence of 

Cp can be considered, see equation 25. The obtained value is �̇�=26.765 MW 

 

Considering the stainless-steel slab, the specific heat capacity, Cp,(T), is dissimilar to the 

carbon steel slab up to 850 °C. Thus, the power input from elements, without taking into 

account heat losses, is determined to 26.765 MW. However, since more heating energy is 

needed for heating a carbon steel slab, the energy balance calculations in the preheating 

furnace is with respect to heating the carbon steel slab. 

 

Carbon steel 

Utilizing interpolation from the values in table 2, the heat content needed to heat a slab to 850 

°C is calculated. 

 

158.25 kWh/tonneH =  

 

The mass flow of the slabs through the furnace is determined. 

 

200 tonne/hm =   

 

Now, utilizing equation 28, the required power input in the elements is calculated by the 

following expression. 

 
158.25 kWh/tonne 200 tonne/h 31.650 MWH m

Q
  

 
= = =  

8.2.2 Element design 
Regarding an element temperature of 1525 °C contributing to a furnace temperature of 850 

°C, the surface loading of the Kanthal Super 1800 is 29 W/cm2.  
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The dimensions of the Kanthal Super 1800 elements are, 

• Diameter of the heating zone: D = 1.2 cm 

• Length of the heating zone (from terminal to bottom): L = 100 cm 

• Since the element is curved in the bottom, the total heating zone length is approximated to 2 ∙
𝐿 = 200 cm.  
 

Now, the heating surface area of the element is calculated. 

 

 =    =    =  22 2 100 1.2 753.982... 754.0 cmA L D  

 

The power input per element is given by. 

 

=  =2 229 W/cm 754 cm 21865 W=0.02187 MWP  

 

Lastly, the number of elements needed to be installed in the furnace is obtained with respect 

to heat loss efficiency, as presented in table 3. 

 
Table 3, Preheating furnace. Total required power input from elements and numbers of elements required to heat the slabs to 

850 °C. 

𝐄𝐟𝐟𝐢𝐜𝐢𝐚𝐧𝐜𝐲, 𝜼 Total required power input of 

elements, P (MW) 

Number of elements required in the 

preheating furnace, N 

0.6 52.75 2412 

0.7 45.21 2068 

0.8 39.56 1809 

0.9 35.17 1608 

1 31.65 1447 

 
8.2.3 Induction heating module  
When the slab leaves the preheating furnace with a temperature of 850 °C, it is ready to 

proceed to the section stage, namely the induction heating furnace. Simulations from the 

literature study indicated that the time required to heat a workpiece with the dimension 0.2 

m×1 m×5 m to a uniform temperature of 800 °C to 1250 °C is approximately 30 minutes 

however after 30 minutes the temperature uniformity in the slab is not completely 

satisfactory, a holding phase could be utilized to achieve uniformity, see figure 20. 

 

The density of the steel analysed is 7870 kg/m3 and thus each slab heated is determined to 

weigh 7870 kg, since the volume of the slab is one cubic meter. 

 

In order to withstand the same mass flow in the preheating furnace, namely �̇� = 200 tonne/h 

while avoiding pile ups outside the induction modules, the following expression determines 

the slab output from the preheating furnace. 

 

  7.870 
0.03935 2.361min

200 /
slab

Weight of slab tonne
t h

m tonne h
= = = =  

 

The time between two slabs leaving the preheating furnace is around 2.36 minutes. With an 

induction module being able to heat the slab in about 30 minutes the required numbers of 

inductions modules are given by 30/2.4=12.713. 
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Stainless steel 

Due to the number of induction modules calculated, the next step is to calculate the power 

needed to heat a slab with the weight of 7870 kg to the final temperature of 1250 °C in 30 

minutes is calculated.  

To calculate the required power to raise the temperature of a 304 stainless steel from 850 °C 

to 1250 °C equation 25 is utilized. With a known temperature dependence of Cp and a mass 

flow given by the following expression. 

 

 7870 kg
= = 4.3722 kg/s

1800 

slab weight
m

time s
=  

 

Equation 25 is then solved and value the thermal power needed is then, �̇�=1.235 MW. 

 

This is the total thermal power needed for each module to heat the slab to a temperature of 

1250 °C, considering an efficiency value of 1. Concerning lower efficiency factor the power 

output from the induction module is shown in table 4 in section Carbon steel below. 

 

Carbon steel 

Utilizing interpolation of values in table 2, the heat content needed to heat the slab to 1250 °C 

is calculated. 

 
*=232.75 kWh/tonneH  

 

However, the requested heat content is from 850 °C to 1250 °C, which is managed by 

subtracting the heat content needed for the preheating furnace.  

 

= − =* 232.75 158.25 74.5 kWh/tonneH  

 

The mass flow of a slab through one induction module is determined. 

 
= =7.870 tonne/30 min 15.74 tonne/hm  

 

  

 
= = =

* 74.5 kWh/tonne 15.74 tonne/h 1.173 MWmHQ  

 

This is the total thermal power needed to heat the slab to 1250 °C, with and efficiency value 

of 1. Concerning a lower efficiency factor, the power needed to operate the induction module 

is presented in table 4 below. 

 
Table 4, Induction Heating. Total required operating power to heat stainless steel and carbon steel to 1250 °C in one 

induction module, P(MW). 

𝐄𝐟𝐟𝐢𝐜𝐢𝐞𝐧𝐜𝐲, 𝜼 Stainless steel, P(MW) Carbon steel, P(MW) 

0.6 2.06 1.96 

0.7 1.76 1.68 

0.8 1.54 1.47 

0.9 1.37 1.30 

1 1.24 1.17 
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8.2.4 Total power demand  
The total power demand of the system is given by adding the power demand for the 

preheating furnace with the power demand of all 13 induction modules. Which is presented in 

the table 5 below. 

 
Table 5, Total power, MW, required to heat a carbon steel up to 1250 °C 

 Induction 

 

 

Preheating 

η     0.6        0.7          0.8          0.9          1       

0.6 

0.7 

0.8 

0.9 

1 

79.53 75.76 72.77 69.91 68.87 

71.99 68.22 65.23 62.37 61.33 

66.34 62.57 59.58 56.72 55.68 

61.95 58.18 55.19 52.33 51.29 

58.43 54.66 51.67 48.81 47.77 
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9 Discussion 
 

The aim of this scientific report is to propose a concept of an electrified reheating furnace that 

could replace the combustion heated walking beam furnace in the production of creating sheet 

metal. The aim was to reduce the environmental impact from the reheating furnace including 

carbon dioxide emission. The literature indicates that a combustion heated reheating furnace 

with a production rate of more than 100 tonne/h releases 66 kg carbon dioxide per tonne steel 

heated in the furnace. In a walking beam furnace with production rate of 200 tonne/h 

approximately 100 000 tonnes carbon dioxide can be reduced annually by electrification of 

the furnace. The proposed concept is 100% electrified and has no combustion of fossil fuels. 

However, by using electricity instead of natural gas in the furnace it is not certain that the 

furnace is reducing the carbon dioxide emissions with 100%, since it depends of how the 

electricity is produced. If the energy used in the steel making plant comes from high carbon 

dioxide emitting energy sources, such as a coal fired energy plant, the reduction of carbon 

dioxide from the electrified furnace is lower than obtained. Consequently, the proposed 

concept of an electrified reheating furnace is locally reducing the carbon dioxide emissions by 

100%. Indirectly the reduced carbon dioxide emission cannot be determined since it is 

difficult to be sure that the electricity used is green energy. 

 

9.1 Direct resistance heating 
The reason why direct resistance heating is not regarded in our concept is due to the problem 

with the connections cables made of copper, attached to the slab. They would need to be 

water cooled in order to keep its resistance lowered as well as not melting when the slab 

temperature is high. The water cooling of the connection would also have a detrimental effect 

on the heating. 

 

9.2 Induction heating modules 
The electrified reheating furnace consists of two different sections. The first section with 

resistance heating elements, and the second section with induction heating modules. The first 

section is designed to be a preheating furnace that heat the slabs to 850 °C. This is determined 

because it should be a versatile heating solution that could heat ferromagnetic steels as well as 

steels with non-magnetic properties. The ferromagnetic steels are the reason for using the 

preheating furnace since induction heating of a magnetic steels will be limited by the small 

penetration depth at lower temperature. With 87% of the injected thermal power located 

within one skin depth this could lead to extensive temperature differences in different zones in 

the slab. The homogenization of temperature inside the slab is limited by the thermal 

conductivity of the material, and if the material is unable to transfer heat from surface to core 

efficiently enough it could lead to local cracking or melting. By heating the slabs to 850 °C, 

above the Curie temperature, before utilizing induction heating, the steels that were 

ferromagnetic loses its ferromagnetic properties, i.e. µr has approached unity. This results in a 

drastically increase of penetration depth, see figure 16. Thereby avoiding extreme power 

concentrations in the slab and thus obtaining a more uniform temperature through the slab. 

 

The induction heating modules is used instead of only using a resistance heating element 

furnace, because the heat is generated directly in the slab by induction and is therefore more 

efficient than heating elements, that also heat the surroundings of the slab. However, the 

proposed concept is designed to transport the slabs outside a closed system to the induction 

modules and therefore the slabs may lose heat to the surroundings when leaving the preheat 

furnace. In order to minimize the loss of heat during the transportation to the induction 
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modules, a tight housing around the conveyor roller transportation system should be 

considered, insulating the preheated slabs from the surrounding atmosphere. To ensure that 

the slabs do not cool to lower than the Curie temperature during the transportation to the 

induction modules, the preheating furnace is operated at a higher temperature than 770 °C. 

Nevertheless, further investigations and calculations are needed in order to obtain a more 

exact heat loss of the slab during the transportation to the induction modules.  

 

A concern with the induction heating modules is if the steel making plant has a variation of 

slab sizes. Since the induction heating is more effective if the AC coil is as close to the slab as 

possible. There might occur problems with a large variation of slab size. The proposed 

concept of the induction modules has multiple units of shorter AC coil along the length of the 

module. By combining multiple units of the coil, it is possible to vary the length of the coil so 

that the coil can cover the whole slab length. However, it is more problematic if modules are 

used to heat slabs with different cross section since the coil should be as close to the slab as 

possible to maintain the highest possible efficiency. Therefore, it is preferable if the steel 

manufacturer produces slabs with consistent dimensions.  

 

The calculations of the induction modules were based on a simulation from the literature 

study that used an AC field of 180 mT and frequency of 110 Hz to heat a slab of the same 

dimensions as in the calculations. The time required to heat and obtain a uniform slab 

temperature is only estimated, by that means the energy need could diverse. The calculations 

regarding the induction modules are mainly based on the simulations without the applied DC 

field presented in the literature study. The induction module in the simulations were able to 

heat the slab in 30 minutes. However, after the 30 minutes the temperature was not uniform 

enough as some parts had a higher temperature than 1250 °C while other had a lower 

temperature. 

 

To maintain a higher temperature uniformity a holding phase could be utilized as stated in the 

literature study. The required time of the holding phase was not considered when calculating 

the numbers of induction modules, as the required time necessary is not known, and we do not 

want to estimate it. However, we can state that a holding phase would increase the time a slab 

is residing inside a module. With an increased time for each slab in the induction module a 

higher number of modules than calculated would be required to maintain the same production 

rate of the preheating furnace. On the contrary the 30 minutes heating time is based on the 

second hating stage from the simulations in the literature study, where the initial temperature 

is 800 °C while our induction heating starts at a temperature of 850 °C and thus should shorten 

the real heating time a bit. 

 

The power needed to heat the slab in the induction module was based on the heating time of 

30 minutes. And by knowing what energy the slab needed to increase its temperature from 

850 °C to 1250 °C the required amount of generated heat inside the slab was obtained. This 

was done for both the carbon steel as well as the stainless steel.  

 

By utilizing the efficiency factor, the power needed to operate the induction module was 

obtained. Concerning the efficiency factor, losses from radiation from the slab and power 

losses in the coil are accounted for. Therefore, the use of the efficiency factor contributes to a 

total estimated power demand needed to operate an induction module, as observed in table 4. 
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9.3 Preheating furnace 
The preheating furnace transport system is designed in the same way as the existing walking 

beam furnace, to obtain the same production rate and that the skids do not leave skid marks on 

the slab. It is a fast and gently transportation system. However, this is energy consuming since 

the skids are water cooled where 10 – 15% of the total energy input in existing walking beam 

furnace is lost to the cooling water. As the proposed preheating furnace is operated in lower 

temperature than existing walking beam furnaces, the skids take less damage from heat. 

Therefore, it is possible to lower the cooling rate in the skids, resulting in less heat loss 

leading to a more efficient furnace. Also, for further studies it is substantial to investigate 

whether water cooling is necessary, for instance if better insulation is considered. 

 

The proposed concept of the preheating furnace has a lower ceiling than existing walking 

beam furnace, because the resistant heating elements may be installed closer to the slab than 

the burners. The lower celling entails less furnace volume and less volume entails less air in 

the furnace atmosphere to be heated. The electrified preheating furnace is advantageous 

because no gases are created and exhaled from the furnace. Therefore, the heated air 

circulating in the furnace do not exchange to new colder air. Consequently, the preheating 

furnace will not lose heat as the existing walking beam furnace, exhaling the combustion 

gases. The proposed concept may be more energy efficient than existing reheating furnaces. 

 

The circulation of the heated air in the preheat furnace is only depending of the natural 

convection, i.e. differentials in density of the air. The circulation is considered to be slow 

since the furnace is a closed system with similar heat distribution throughout the whole 

furnace. When the circulation of air is slow the heat transfer to the slab is slow regarding 

convection. To increase the heat transfer by convection to the slab, forced heat convection 

should be considered, for instance by applying a system that circulates the air. This will result 

in a faster and more efficient heating of the slab in the preheating furnace. To maximize the 

heat transfer by convection to the slab, further investigations should be considered.  

 

Considering the essential requirements for the heating element material used in a reheating 

furnace such as power input, electrical resistance, type of atmosphere and element dimensions 

at operating temperature, the most suitable element may be determined.  

 

The different element types investigated are the non-refractory, non-noble metallic elements 

such as Kanthal and non-metallic elements such as Kanthal Super and Kanthal Globar. These 

elements have the highest operating element temperature, considering the precious heating 

elements excluded. All elements contribute to a sufficiently higher furnace temperature than 

850 °C, as requested. However, the maximum power input, related to operating temperature, 

is also of considerable importance. The power input of the elements determines the heating 

rate, which is crucial considering a relatively large workpiece of steel. Thus, an increased 

power input results in a quicker heating of the steel slab. Firstly, the metallic element Kanthal, 

obtains maximum life when the temperature difference between elements and furnace is 

minimized, which is accomplished by lowering the watt loading. In addition, the maximum 

surface load at 1000 °C is 6 W/cm2, which is lower than Kanthal Super and Kanthal Globar. 

This is further an argument that the Kanthal heating element is not suitable for the reheating 

furnace. 
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Kanthal Super, MoSi2 is the most suitable choice of elements in the reheating furnace due to 

several facts. Treated correctly, it has the longest life of all electric elements and additionally 

broken elements are easy to replace while the furnace still is operating at high temperature. 

The old elements may be replaced by new elements without affecting the heat distribution. 

Despite possessing the ability to operate at high surface loading, namely 30 W/cm2, the 

element may be applied for lower furnace temperatures such as 850 °C. Furthermore, the 

element is ductile above 1200 °C contributing to resistance to mechanical strains. Considering 

a furnace atmosphere containing air, the heating element form an acceptable protective oxide 

layer of SiO2 and Mo5Si3 that is capable of rebuilding itself if the contaminated layer would 

drop off. In spite of long operating use at high temperature, the element does not age thus 

contributing to a uniform mechanical strength. Lastly, the Kanthal Super is capable of being 

mounted either vertically, through the roof along the whole width of the furnace or 

horizontally through the walls. Regarding type of installation manner that suits the best, 

depends on furnace volume i.e. length, width and height of the preheating furnace. 

 

Kanthal Globar, SiC, benefits similar properties that Kanthal Super possesses. That is long 

element life at high operating temperature in air, ease of replacement and capability of being 

mounted vertically or horizontally. Both Globar and Super forms a protective oxide layer 

consisting of SiO2. However, the element is limited to a maximum surface load of 

approximately 15 W/cm2, corresponding to half of the Kanthal Super maximum surface load. 

Moreover, the Kanthal Globar demands closer temperature control when operated in a 

continuous furnace and during production intermissions. 

 

Now since MoSi2 is the most suitable material as heating elements in the preheating furnace, 

there are a few modifications of the element. The concerned modifications for the proposed 

concept of the preheating furnace are Kanthal Super; 1700, 1800 and ER. Regarding these 

modifications of the Kanthal Super, the type 1800 possesses the ability to operate at the 

highest temperature. However, all three elements are able to operate at calculated element 

temperature, namely 1525 °C. Maximum element temperature of Kanthal ER is 1580 °C, 

which may be considered to be rather close to 1525 °C. This should be taken into account 

since the element temperature might need to be risen above 1525 °C, for instance if the 

required production rate is intended to be above 200 tonne/h. Similarly, the Kanthal Super 

1700 has its highest operating element temperature at 1700 °C. However, the Kanthal Super 

1800 that may be operated up to 1800 °C is more suitable due to fact that the element may 

demand higher operating temperature, for instance to compensate for unpredictable incidents. 

 

According to figure 6 the resistivity of Kanthal Super 1700 and Kanthal Super 1800 are 

slightly higher than the resistivity of Kanthal ER. Since the preheating furnace has demanding 

power rating, the Kanthal Super ER is insufficient since the element size is limited to a 

heating zone diameter of 9 mm, in comparison to Super 1700-1800, which may be 

manufactured to a diameter of 12 mm. 

 

The results indicate that the number of mounted elements required in the preheating furnace 

in order to reach desirable power injection in the slab, are 1447-2412 elements. Considering 

this number of elements and the ability to be mounted through the roof, walls and on the 

floor, they propose to be evenly distributed through the surface area of the interior to 

accomplish a uniform heating. The numbers of elements are derived from the length of the 

heating zone and the diameter of the heating elements. Additionally, the element surface area 

was calculated to determine the maximum power input of the element, in watts. Thus, 

considering a demanding production rate, the maximum surface area available was applied in 
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the calculations in order to obtain maximum power input of the elements. Nevertheless, in 

order to optimize the dimensions of the heating elements, thus selecting a suitable diameter 

and length, information about the furnace dimensions and volume needs to be considered.  

 

A preheating electrified furnace is proposed to be more advantageous in comparison to the 

existing walking beam combustion furnace due to several reasons. The proposed preheating 

furnace consisting of resistance heating elements contributes to a quieter operating furnace. 

Less noise leads to a more satisfactory working environment for the operators in the steel 

making plant. Heating resistance elements have relatively low installation costs, which is an 

advantage with respect to a steel manufacturers point of view. During the heating operation, 

the heating elements are easy to adjust with close temperature control. This results in a longer 

element life as well as a more uniform furnace and steel slab temperature. 

 

Undesirable phenomenon may be avoided by the replacement of combustion heating with 

resistance heating elements. Combustion products and flame impingement will not be present, 

reducing the danger of damaging the surface of the steel slab. Also, avoiding a carburizing 

atmosphere, diffusion of carbon into the surface of the steel will decrease significantly 

resulting in an unchanged composition in the steel. Lastly, using heating elements is 

advantageous due to a practical point of view as the need of storage or piping of flammable 

fuels is avoided and exhaust hoods are no longer necessary. 

 

The energy balance calculations for preheating furnace was based on what power output the 

furnace should have in order to manage a mass flow of 200 tonne/h to the required 

temperature. Considering the 304 stainless-steel slab, the specific heat capacity, Cp(T), is 

dissimilar to the carbon steel slab in the temperature range 25-850 °C. Thus, the power input 

from elements, without considering heat losses, is determined to 26.77 MW. However, since a 

higher power input is needed for heating a carbon steel slab, 31.65MW, the design and 

calculations of the amount elements needed in the preheating furnace is with respect to 

heating a carbon steel slab. 

 

Since it is unreasonable to expect that the power produced by the heating elements is only 

going into heating the slab. i.e. has an efficiency of 100%. There will always be radiation 

losses from the slab as well as leakage of hot air when the slabs enter and leaves the system. 

Heat will also leave through the housing of the furnace. All of the mentioned heat losses may 

be considered by utilizing an overall efficiency of the furnace. By utilizing the power needed 

for heating the slabs with an efficiency factor ranging from 0.6-1.0 a rough value of the power 

output needed for all the elements could be obtained. Furthermore, the total power input was 

used to calculate the number of heating elements needed to be installed in the furnace. This 

was achieved by knowing the elements surface area and surface load. The range of the 

number of elements needed differed from 1447 with the highest considered efficiency of 1 

and 2412 with the lowest considered efficiency of 0,6. 

 

9.4 The total energy demand 
Regarding the total required power to operate the whole heating system, i.e. the preheating 

furnace and all induction modules, the power demand ranges from 47.77 MW to 79.53 MW 

depending on the efficiency of the preheating furnace and the induction modules, as observed 

in table 5. If the overall efficiency of the system is optimized it is evident that energy savings 

could be accomplished, compared with the combustion furnace requiring 72.4 MW with 

respect to the production rate of 200 tonne/h. 
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9.5 Ethical aspects  
Concerning ethical aspects, fulfilling the scientific challenge of replacing combustion heating 

with electrified heating in the steel reheat furnace, the environmental affects will be lowered. 

This will stimulate the aim to reach a fossil fuel free and sustainable steel making plant. When 

or if the challenge is accomplished, hopefully many steel making industries will follow, 

utilizing the electrified reheating furnace. Furthermore, the global metal industry will have a 

less impact on earth, hence human beings. The working environment will also be quieter, 

reducing the risk of damaging operators hearing. Also, the working environment will be safer 

since the risk with managing flammable fuels is avoided.  

  



 47 

10 Conclusion 
 

A concept of a fully electrical reheating furnace has been proposed. This scientific report is 

founded in the Swedish government decision of minimizing Sweden’s impact on the 

greenhouse effect. The furnace has no combustion of fossil fuels and is therefore free from 

emission of combustion products, such as carbon dioxide and nitrogen oxides. Therefore, the 

total reduction of carbon dioxide emissions is 100 000 tonnes per year and furnace. The 

electrified reheating heating solution consist of Kanthal Super 1800 resistance heating 

elements in a so-called preheating furnace. After reaching a slab temperature above 850 °C 

the solution includes induction heating modules that heat slabs to 1250 °C before proceeding 

to the hot rolling mill. However, the proposed end temperature could be adjusted to suit the 

specific steel type produced, by lowering thermal power input of the induction modules. 

 

In conclusion, the research has resulted in a concept that is feasible regarding lower carbon 

dioxide emissions, fully electrification, production rate and homogenous slab temperature. 

The feasibility of the proposed concept needs to be verified by further calculations and 

simulations taking into account essential factors in order to succeed theoretically and in 

reality.  
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11 Recommendation 
 

In recommendation, it is suggested that simulations are accomplished with regards to the 

proposed concept, investigating more parameters than accounted for in this report. This is 

mainly by analysing heat convection and radiation towards and from the slabs as well as 

thermal conduction within the slabs. More thoroughly investigations of the total heat losses in 

the system must be implemented. Thus, taking this into account a more exact value of the 

efficiency and thermal power input is obtained in the preheating furnace as well as the 

induction heating modules. 
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