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1.       Introduction 
In 1982 the chairman of the sub-committee 'Electric arc furnace'. Dr. 
Ameling and Prof. Timm decided to organise a seminar dealing with the 
technology of the electric arc furnace. This successful seminar has 
permanently been updated and will today be held in the English language 
for the fifth time. 

As current chairman of the sub-committee 'Electric arc furnace' of the 
"Stahl Institut VDEh" I will hold this introductory lecture. 

Subsequent to the historical development of the production of crude steel 
and in particular of the production of electric arc furnace steel I will put the 
special emphasis on the raw materials of the electric arc furnace. Apart 
from scrap I also deal with the sponge iron. After a cost comparison 
between the main processes for the production of crude steel, the BOF-
steel and the electric arc furnace I will come to speak to the stage of 
developments of the electric are furnace with a brief outlook on further 
developments. 
Even now I would like to draw your attention to the completely revised 
edition of the book "Elektrostahl-Erzeugung" by Mr. Heinen published by 
Stahleisen where all aspeets of the production of electric arc furnace steel 
are discussed in detail. Additional I would like to present the english 
version of the handbock of "Thermoprocessing Technologies" published by 
"Vulcan". 

2.      Development of the production of crude steel and the processes of steel 
production 

The Iron Age we are living in today began with the production of objeets 
made of meteoric iron. The metallurgical treatment of iron ores developed 
to the very advanced civilisations of the antiquity: wrought iron in the 
Cheops pyramid, inscriptions on the melting of iron on the walls of the 
temple in Luxor, but also the famous Indian column with a weight of 6 tons 
prove that about 2000 - 3000 before Christ iron was known as material for 
utensils and arms. At the Siegerland bloomery hearth furnaces from the 
Laténe Age approx. 500 before Christ were found in which the domestic 
siderite was reduced by charcoal to a forgeable loop. 

In the middle of the 19th century the mass production of steel started with 
the process of steel production by Bessemer (1855) and Thomas (1877) 
based on the blowing of pig iron. Even in 1864 scrap was successfully 
remelted to liquid steel in an open hearth furnace. In 1900 the industrial 
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production of steel in an electric arc furnace started with the furnace by 
Hérault. 

Figure 1 shows the time shape of the global production of crude steel. In 
general the graph showing the increase in the global production of crude 
steel has a S-shape as it is also known from biological growth processes. 
The steep increase in 2003 has ist reasen in the steelproduction of China. 
Two main factors can be mentioned as causes for the significant increase in 
the production of crude steel [1]: 

• the increasing demand from the sectors mechanical engnieering (rolled 
products) housing construction, local administration (pipes and tubes), 
transportation  engineering  (railways,  cars,  lomes)  and packaging 
industry (tins and cans) as well as 

• Increasing availability of low-priced raw materials such as iron ore, 
coking coal, mechanical and electric energies, oxygen and the secondary 
raw material scrap. 

The period of the "Cold War", the years 1950 - 1970, coincided with the 
flowering period of the steel industry. The effeets of the two oil crises are 
clearly to be seen. Between 1990 and 2004 the steel production in far east, 
mainly in China, got a high increase. China increases the steel production 
from 66 mío tons in 1990 to 272 mío tons in 2004. The invluence of this 
productionincrease on the scrap and alloy market will be descript later. 
Parallel the price for ironore, coke and cargo explodet to the highest level 
we ever had. (Fig. la, 1b) 

The two factors mentioned above are only two components of a control 
loop including variables such as the increase in the global population by 
improved medical care and hygienic situation, political events, increasing 
environmental awareness etc. 

For the same period Figure 2 shows the development of the shares of the 
various processes used for the production of steel related to the global 
production of crude steel [2]. Even in 1970 there wasn't any Thomas 
converter left due to the tightened regulations concerning the prevention of 
air pollution. The nearly complete decrease of the open hearth process from 
a share of 43% in 1970 to only 4.3 % in 2003 was disproportionally 
compensated by the use of electric arc furnaces. 

The increase in the share of electric arc furnaces in the global production of 
crude steel is based on the philosophy of the so-called mini-steel mill 
gaining in significance since the beginning of the seventies (see Fig. 3). In 
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smaller plants the local scrap should be processed in the line electric arc 
furnace - contínuous casting plant for billets - wire mill respectively rod 
mill to simple straight producís such as concrete reinforcing steel or 
reinforcing wire meshes which then can be sold in turn on the local 
markets. Consequently the North-Italian ,,Bresciani" turned out to be fierce 
competitors of the traditional steel producers. Even at the beginning of this 
development Willi Korf had the visión of an integrated mini-steel works: 
At locations near the coast sponge iron should be produced by the newly 
developed direct reduction process according to the MIDREX-process and 
should be used alternatively or additionally to scrap in the electric arc 
furnace. At this time natural gas and nuclear power were very favourable. 
Based on this idea the integrated mini-steel works in Georgetown (GSC), 
USA and Hamburg (Ispat HSW) are founded. 

Besides the classic mini-steel works on a 100% scrap basis which-
depending on the final product - have a production capacity of 0.5 to 1.2 
million tons p.y. there are today several metallurgical plants which via the 
line direct reduction - electric arc furnace produce some million tons p.y. 
such as IMEXSA, Mexico, and HADEED, Saudi Arabia with more than 3 
million tons p.y. each and SIDOR, Venezuela with more than 6 million 
tons p.y. 

The advantages of the mini-steel works are on the one hand given by the 
relatively low capital expenditures of 300 - 400 U$/t annual capacity as 
well as on the other hand by the low staff costs. Mini-steel works can be 
operated with approx. 1 man hour/ton - compared with approx. 3 man 
hours/ton at the large integrated steelmills. Concerning these comparisons 
we, however, must proceed with caution as quite often only the man hours 
provided by the own employees are recorded but not those provided by 
subcontractors on the respective plant site. After a period of partly drastic 
outsourcing - Germany is just passing this phase - some mini-steel works in 
the US (e.g.: Charparral Steel) have started remembering that the quality of 
any process - no matter whether tailored to internal or external customers -
can be improved best by highly motivated own employees. 

2.2     Europe 
When reflecting the distribution of the various processes for the production 
of crude steel in the European Union of 15 Nations (Figure 4) a steady 
increase in the total production of crude steel can be stated for the time 
after 1985. With 41 % the share of electric furnace steel is higher than the 
respective share in the global production with 33 % and considerably 
higher than in Germany with 31 %. After the German Reunification the 
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open hearth process came to a standstill. Among other reasons the 
disproportionate increase in the share of electric furnace steel was caused 
by the restructuring of the Aceralia-corporation in Luxembourg from an 
integrated metallurgical plant with blast furnaces and BOF steelmaking 
plants to steel works with electric arc furnaces. 

2.3    Germany 

The development of the share of the electric arc furnaces in the total 
production of crude steel in Germany can be seen from Fig. 5 [3]. The 
decrease in the steel production by means of the open hearth process could 
not be compensated by the electric arc furnaces. Until 1989, the year of the 
German reunification, even a slight decrease in the steel production by 
electric arc furnaces can be seen. After that there is a steep increase up to 
the current share of 31 %. This increase results from the intensified 
utilisation of the capacities for electric furnace steel in the former German 
Democratic Republic in Hennigsdorf, Brandenburg and Riesa as well as 
from the substitution of basic oxygen steelmaking plants in 
Unterwellenborn, Georgsmarienhütte and Peine by modern direct current 
arc furnaces. 

Compared with 41% in the EU and 33 % for the whole world the steel 
production by means of electric furnaces is in Germany with a share of 31 
% a factor of lower importance although - as we will see in the next 
chapter - Germany is a country with a export rate for scrap. Despite this 
advantage concerning the availability of this raw material the high power 
rates didn't encourage the steel production by means of electric furnaces in 
Germany in the past (see chart 1). Whilst in 1993 this disadvantage 
concerning the power rates against France amounted to 0.0245 €/kWh, this 
difference decreased to 0.017 €/kWh from 1996 due to new legal 
regulations [4]. 

Due to the liberalisation of the European power market this disadvantage 
has considerably decreased. New legal provisions, however, supporting 
regenerative energies and the disembarkation from the atomic power 
produce additional costs for the power used in German electric arc furnace 
steel works resulting in a continued distortion of competition. The actuell 
figures are shown in Fig. 6. 

The long historical development of the German steel industry can be 
regarded as a further reason for the lower share of electric furnace steel. 
The existing integrated steelworks were first able to handle the scrap 
volumes increasing after World War II without any problems as apart from 
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the increasing total production the emerging basic oxygen steelmaking 
process allowed to process larger volumes of scrap. Furthermore due to the 
structure of the processing industry 70% of the output in Germany have 
been flat products, considerably more than in our European neighbouring 
countries. So why investing in new production processes for bulk steel 
when the existing plants were in the position to produce the required 
products in a cost-effective way? 

The following reasons accounted for the fact that in Germany and finally 
also in Luxembourg and France the BOF Vessels were substituted by 
electric arc furnaces in the middle of 1990: 
• Due to the continuously increasing availability of scrap the prices for 

scrap decreased so that the production process via pig iron got more 
expensive for products with lower requirements concerning the content 
of tramp elements, 

• the electric arc furnace was developed to a high-performance aggregate 
both for the UHP-AC- and UHP-DC technology, and 

• due to a changed environmental awareness it got politically more 
difficult to realise the refurbishment of existing coke oven plants and 
sintering plants. 

Concerning the demand for primary energy the relatively low requirements 
of 9.6 GJ/tonrod wire compared with 18.4 GJ/tonrod wire for the pig iron line speaks 
well for the electric-steel process [5]. We, however, should be aware of 
the fact that without our colleagues at the BOF steelmaking plants we 
would not be provided with the secondary raw material scrap. Its high 
energy content resulting from the reduction of iron already effected must be 
used in an efficient way saving the environment as far as possible. 

Today crude steel is produced in 28 electric arc furnaces at 22 locations in 
Germany. In Figure 7 the high number of smaller furnaces with a melting 
weight of 5 to 10 tons is not considered as they are used in foundries only 
on request. Apart from the locations on the Rhine, Ruhr and in the 
Siegerland with a long metallurgical tradition there are younger plants 
being built up closer to the consumers and the sources of scrap. 

The tap weights of the electric arc furnaces used by the European steel 
industry range from approx. 20 tons to approx. 150 tons (see figure 8). 
One third of these furnaces have a tap weight of more than 80 tons [3]. The 
DC-furnaces have a presence of only 14 furnaces (7.5%) as the DC-
technology has been utilised for larger furnaces only since the beginning of 
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1990 and the more stable European main supplies coped with the high 
performances of AC electric arc furnaces. 

The installed transformer capacities of the furnaces are for these furnaces 
between 700 and 800 kVA/t, for single furnaces even at 1400 kVA/t (see 
Fig. 9). In the years past his trend resulted in fewer, but more powerful 
furnaces [3]. 

The new constructions realised in Germany and the neighbouring countries 
of the EU from 1993 are shown on chart 2. 

According to a survey performed by the VDEh beginning from the year 
1992 the product ranges of the German electric steel works are shown on 
chart 3. Lower quantities of special alloys with an [Fe]-content of less 
than 50% [3] must be added. 

3.      Raw materials for the production of electric furnace steel 

3.1    Development of Fe-carriers world-wide and in Germany 
The secondary raw material steel scrap is the most important raw material 
for the production of crude steel by means of an electric arc furnace. With 
increasing requirements concerning the purity of electric furnace steel 
directly reduced iron as well as pig iron in a solid state and sometimes in a 
liquid state gain in significance. Furthermore ferriferous recyclings such as 
skulls are used in single cases. Their price, however, must be that attractive 
that the disadvantage of a lower melting efficiency can be compensated. 

The importance of the individual raw materials for the total production of 
crude steel can be seen best from a iron balance based on reliable figures 
provided by IISI, EUROSTAT and the Federal Statistical Office. For our 
processes of steel production currently in use a metallic surplus charge of 
approx. 10% is usual. The [Fe]-requirements resulting from this are met by 
pig iron with a [Fe]-content of approx. 95% and by sponge iron and similar 
products with a [Fe]-content of approx. 88% . The difference to the total 
demand for iron must be covered by the utilisation of scrap, that means due 
to this balance a statement concerning the use of scrap is possible. Fig. 10 
shows the iron balance for the global production of crude steel [6]. 

The following statements can be derived: With a fluctuating global 
production of crude steel, which however altogether remains on a constant 
level the input of steel scrap slightly decreases. Currently the share is 
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approx. 38% of the iron input The fluctuations of the production of crude 
steel influence the use of scrap only in a damped way. The use of iron 
derived from directly reduced ore continuously increases without, however, 
having influenced the input of scrap or the demand for scrap so far. From 
the global view it can only be concluded according to Figure 10 that the 
volume of the global scrap market is currently stagnating and that the 
question how many steel scrap is available for recycling and whether the 
globally installed process lines can be supplied in a sufficient way cannot 
be easily answered. 

In its tendency the situation in Germany is quite similar (see Fig. 11), but 
with a clearly different level for the total recycling of steel scrap which 
only reaches about 36% [6]. With a share for flat steel products of 70% in 
the total production the design of our production lines is quite different to 
those in other European countries. It, however, can also clearly be seen 
that the trend for the recycling of steel scrap remains on a nearly constant 
level and the necessary flexibility concerning the production levels is 
gained via the input of pig iron. A shortage of scrap cannot be the reason 
for Germany as we have known for several years that we export large 
volumes of scrap to other European countries. 

3.2     Scrap 

3.2.1 Availability of scrap 
When considering the different grades of scrap according to their origin the 
following statements concerning the future scrap volumes can be made: 

The arising interplant scrap of the steel works is available for remelting 
directly after its occurrence. The volume of the arising interplant scrap 
depends on the efficiency of the conversion of crude steel into rolled steel 
products. Since the middle of the seventieth the volume of arising interplant 
scrap has been decreasing. It can be expected that due to the continuous 
efforts made by the steel works to improve the production, the further 
implementation of continuous casting plants and the increasing utilisation 
of "Near-Net-Shape-Casting" the volume of arising interplant scrap will 
continuously decrease. 

The new scrap coming from the steel-processing industry is also available 
for remelting short after further processing of the rolled products into 
finished products. Dressing and sorting are necessary. Due to the mostly 
grade-specific collection new scrap has a high quality so that the large steel 
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works are very keen on an immediate return from the larger processing 
plants. 

The capital scrap resulting from the collection and processing of consumer 
and industrial goods not longer usable and worn out comes up in light and 
heavy fractions. It is partly contaminated and compounded with other 
materials. It must be prepared before being directly used in steel works and 
foundries. The volume of capital scrap has steadily risen in the past years. 
The highest volumes are to be found in traditional developed countries with 
a high share of consumer goods in the industrial output. 

The volumes of scrap available essentially depend on the produced 
quantity of crude steel, partly, however, after a certain time-lag [7, 8]. The 
volume of intercompany scrap and new scrap runs parallel to the respective 
production of crude steel and finished steel. The capital scrap, however, is 
available for reuse only after a time-lag. Cans produced from steel, for 
instance, have a service life of only a few weeks. For cars a working life of 
10 to 15 years is assumed. Steel used in buildings or bridges is scrapped in 
relatively large volumes only after a period of 50 to 100 years. A certain 
proportion of steel is lost in the form of rust or on any other way. It is 
currently assumed that in the average 40 - 50% of the consumer goods 
made of steel return into the recycling process already after 15 years. 

Based on this assumption the volumes of scrap available can be calculated 
(see Figure 12) [8]. Assuming that 40% of the consumer products made of 
steel really return to the recycling process after a working life of 15 years 
the total global scrap volume can be estimated to 489 million tons for the 
year 2003. From this volume approx. 224 million tons fall upon capital 
scrap, approx. 159 million tons on interplant scrap and approx. 106 million 
tons on new scrap. 

A 10-year comparison shall illustrate the regional changes concerning the 
consumption and input of scrap. The regional structure of the scrap 
consumption given in chart 4 shows clear changes m favour of developing 
and emerging countries. The industrialised countries in Europe, North 
America and Japan, however, still consume more than the half of the scrap 
world-wide. The regions with the largest resources of scrap are 
traditionally the countries with the longest history of industrial production 
and utilisation of steel as already mentioned above [8]. 

Whilst North America was in the past an important exporter of scrap (Fig. 
13) the export gets lower due to new construction activities in the field of 
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electric arc furnaces in the US. But they are still exportin 10,8 million tons 
in 2003. In Germany we have a similar situation. The scrap export 
decreased from a volume of 8 million tons in 1993 to only 2.3 million tons 
in the year 2003. In 1998 the EU imported 4 million tons and currently 
edges towards a balanced import-export ratio. A new trend is that Japan 
has become a scrap exporter for the south-east Asian market, in 2003 was 
the Japanese exporting figure 5,7 million tons. 

For Germany the total volume of scrap arising, the consumption of scrap 
and the export surplus are shown once again in figure 14 [8]. In the period 
under review the total volume of scrap arising and the export surplus 
increased considerably. The reasons for this can be seen in: 
• The utilisation of considerable stocks in the new Federal States, 
• the beginning collection of packaging made of tinplate and 
• the intensified utilisation of scrapped cars. 
The nearly constant consumption of the steel industry in an amount of 
approx. 19 million tons is striking. In 2003 the export surplus amounted to 
nearly 2,3 million tons. 

What are now the estimates concerning the fixture scrap output and scrap 
consumption? A recent IISI-Study [9] points out that the development of 
the scrap output does not exclusively depend on the fact that 42 % of the 
consumer goods made of steel return to the recycling process after a 
working life of 15 years; the remaining volume of 55%, however, minus a 
certain proportion which cannot be recycled shall be accumulated to a 
potential source of scrap increasing from year to year, (figure 15) 

3.2.2 Scrap price 
On the raw material markets of the steel industry pricing occurs on a global 
level so that the scrap prices in Germany and the other EU-countries are 
bound to the international scrap prices. This can be seen from figure 16. 
The non transparent situation is demonstrated in the figure Nr. 16a, 16b, 
16c 

When having a look at the prices for steel scrap in Germany and comparing 
them with the production volume of crude steel it can be stated that the 
scrap price could be regarded as an indicator for the cyclical movement in 
the steel industry for a long time. The prices fluctuated according to the 
economic cycle, partly with a certain time-lag. In 1999 the scrap price 
remained on a lower level despite an increasing production of crude steel, 
in the year 2004 the scrap price increased again. At the end of 2003 to now 
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the scrap price rices up to an unknown level [22]. The high demand in 
China is the main reason for that situation. When comparing the 
development of scrap prices with the shares of electric furnace steel in 
Germany so a development can be stated for 1999 which is contrary to the 
extension of production (Fig. 17). In Figure 18 scrap price and 
consumption of steel scrap are compared, also underlining the special 
situation in the year 1999. When considering the export prices ex 
Rotterdam the influence can be explained as the Asian Crisis resulted in a 
reduction of the total exports thus causing a special situation. 

The high demand for raw materials and alloys increases the prices for these 
materials. I'll show the example for alloys, coke, ironore and cargo [21]. 
Fig. Nr 18a, 18b, 18c, 18d, 18e 

3.2.3 Quality requirements 

The steel industry has to meet the customer requirements in a cost-efficient 
way while observing all aspects of occupational safety and environmental 
protection. So all materials used for the production of steel have to meet 
high quality requirements. This is particularly true for the secondary raw 
material steel scrap. 

Steel scrap does not exclusively consist of metallurgically clean carbon 
steel but there are depending on the grade of scrap several accompanying 
substances included in the supplied scrap. Many accompanying substances 
remaining partly or in full in the steel during the process of steel production 
cause negative changes of the material properties if analytic specifications 
are exceeded. A revaluation or reduction of quality may be the 
consequence. Chart 5 shows for several products the typical input ratios of 
pig iron, sponge iron and scrap in the LD-converter respectively the 
electric arc furnace [6]. In this connection I would like to point out that the 
German producers of the ingoing material for tinplate have obliged to take 
tinplate scrap back from the Dual System and to passed it again to the steel 
production process. This consequently will cause an increase of the tin-
level, a fact no steelworker is delighted with. 

Substances and elements passing into the slag or the waste gas in parts or 
in lull are in particular subject to the requirements of environmental 
provisions. Due 1o an increased slag output and a consequently higher 
demand for melting energy inert materials result in increasing disposal and 
conversion costs. New scrap is largely free of such substances whereas 
capital scrap may have contents between 0.5 and 1.5%. 
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Hollow bodies and ammunition included in the scrap considerably 
influence the safety-on-the-job. Explosions may cause serious injuries and 
even mortal danger to our employees as well as severe damages to the 
production equipment. 

Special attention has to be paid to the occurrence of ionising radiation 
within the scrap, this means radioactivity which is measurably higher than 
the natural background radiation. Apart from the natural radioactivity 
caused by the constant presence of natural radionuclides in all substances 
around us and in ourselves an increased intensity of radiation can occur in 
the scrap. This can be caused for instance by: 
• radiation sources from technical or medical fields of application 
• surface contamination by means of adhesions, for instance after using 

the components in the field of mining or oil production, and 
• components which were used in nuclear power plants for a longer time 

and thus carrying additional radionuclides. 

When exceeding the limiting values not only the field of occupational 
safety but also the field of environmental protection and in particular the 
good reputation of the material steel would be adversely affected. 

But attention has to be paid not only to any radioactive contamination of 
the raw materials as limiting values have also to be met concerning 
cadmium (paints, nickel cadmium batteries) and mercury (mercury 
infiltration by gas gathering) in the waste gas. 

The quality requirements mentioned the in paragraph above have been 
largely considered by the new European List of Steel Scrap Grades. The 
European head organisations of the steel producers (EUROFER) and of the 
scrap recycling industry (EFR) mutually prepared this list for unalloyed 
carbon steel scrap with the goal to increase the transparency in the 
international scrap trade and to take the increased quality requirements into 
consideration. 

When having a look at chart 6 it can be seen that the new list closely 
follows the German List of Scrap Grades [6]. Apart from the dimensions 
density and allowable amount of debris have been added to the European 
list Furthermore two new scrap grades have been introduced in order to 
provide the scrap trade with a market for alloyed scrap parts such as gear 
cases of lorries and axle housings. So steel works get the chance to add 
both grades to the melting process in a calculated way as far as it is 
allowed by the analyses of the steel grades to be produced. 
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The list was designed as simple as possible and is limited to the scrap 
grades most often traded. For the first time the European List of Scrap 
Grades sets standard values for the most important elements other than iron 
in the various grades (see chart 7) [6]. The values stated correspond with 
the current state of scrap processing on a well-managed scrap yard and can 
definitely be met by the trade. This European List of Scrap Grades is to be 
seen as a guideline, not as a standard. The steel works, of course, are free 
to agree additional terms of delivery with the scrap trade. 

In this connection I would like to ask you to make sure that also at your 
steel works scrap is purchased according to this new European List of 
Scrap Grades as otherwise the steel works do not form an integrated whole 
and can be played off against each other by the scrap recycling industry. 

3.3    Direct-reduced raw materials, in particular sponge iron 

3.3.1 Product properties 

DRI (direct reduced iron) is normally produced and sold as sponge iron 
and HBI (hot briquetted iron). Chart 8 shows a standard analysis for 
MIDREX - sponge iron [11,12]. 

HBI is produced by the same process. Before cooling, however, the hot 
material is compressed to briquettes. Due to the compression the material 
is resistant against moisture and can be transported without special care. 
Nearly all direct reduction plants especially designed for the sale of sponge 
iron are equipped with a briquetting press. Melting of this material which is 
mostly charged to the electric arc furnace by means of the scrap basket is 
much more complicated than melting of continuously produced DRI and is 
comparable in this respect with pig iron. 

In general sponge iron can be regarded as a high-quality raw material 
which is mainly used in electric arc furnaces as supplement to scrap. The 
flexible use of sponge iron in combination with respective scrap grades is 
particularly suitable for a cost-efficient production of high-grade steels in 
the electric arc furnace which otherwise are produced by the integrated 
ironworks by means of the conventional production line blast furnace -
converter. 

Important quality characteristics of sponge iron are the Fetotal-content, the 
level of metallization (Femet/Fetotal) as well as the carbon content. The 
processes of gas-type reduction - and here especially the MIDREX-process 
- are superior to the processes for the reduction of solids. By means of the 
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gas-type reduction a level of metallization of more than 92% and carbon 
contents of up to 4% can be achieved. 

Sponge iron differs from pig iron especially in that way that the gangue of 
the ore is still existent so that it must again be molten down in the process 
of steel production and must be integrated into the metallurgical process. 

3.3.2 Production Process 

Today there are many different processes of direct reduction which shall 
not be discussed here in detail. The processes of gas-type reduction based 
on natural gas are among the most important ones. As shown in Figure 19 
[10] they by far the most important process in relation to the total 
production in 2002. 

In view of the processes of gas-type reduction the MIDREX-process and 
the HYL-III-process have to be mentioned in the first place. Both 
processes are established on the market with the MIDREX-process having 
certain advantages concerning the process technology. 

3.3.3 Availability 
According to statistics compiled by the MIDREX-Corporation since 1970 
[13], the development of the global annual production of sponge iron 
shows - after a relatively flat course for the first years - a much steeper 
increase for the past years (Fig. 20). It does not require a lot of fantasy to 
imagine that the incline of the graph will increase in the fixture years when 
considering how many electric arc furnaces are currently taken into 
operation and when particularly considering that these furnaces shall 
produce increasing quantities of high-grade steel for instance for near net 
shape casting. But if the gas price rises up, like in Mexico in the last two 
years, the produktion of sponge iron decreases. 

Sponge iron is predominantly produced in countries with low energy costs. 
This are also as a rule oil-exporting countries. The country with the highest 
production of sponge iron is currently India with a volume of 5.7 million 
tons, followed by Venezuela with 5.4 million tons and Mexico with 3.7 
million tons. Figure 21 shows a breakdown of the production of sponge 
iron in 2003 according to regions [10]. According to this chart Latin 
Amerika is first with 16,5 million tons ahead of the Middle East with 14 
million tons, Asia Oceania (12,2 million tons) and the group "former 
USSR/East Europe" with 2,5 million tons. The capacity utilisation of the 
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MIDREX-plants is in the average at roughly 90%, the one of the other 
types between 40 and 70%. 

In Europe only the plant in Hamburg at ISPAT Hamburger Stahlwerken 
with an annual production of nearly 540,000 tons in 2003 and is currently 
in operation. The facilities in Emden built by the Korf-Group were sold to 
India in 1983 and produce there approx. 1.0 million tons a year. 

The availability of sponge iron is limited due to reasons of capacity, freight 
and storing. Sponge iron is mainly produced in the individual plants for 
internal requirements. So only limited quantities are for sale, normally in 
form of HBI (hot briquetted iron). Quantities of sponge iron offered for sale 
are mostly from Venezuela, India and Malaysia, sometimes also from the 
Arabian region. Often this are spot quantities. 

The graph for the quantities of sponge iron not further processed at the 
place of production shown in figure 22 has risen parallel to the total 
production [10]. Approx. 6.3 million tons - this means a quarter of the total 
production - were dispatched in 2000, slightly more than the half by ship. 

3.3.4 Production and processing costs 

By means of two publications [2, 14] we tried to estimate the costs of 
MIDREX-sponge iron (from new plants) produced at a location near to the 
coast in Europe as well as at locations in Venezuela. (Chart 9). 

The debt service with 15% of the capital expenditure (220 US$/t a) and the 
maintenance costs with 4% of the capital expenditure must be estimated 
independent of the location. When assuming that the production indexes 
are also identical at all locations the differences in the production costs 
result from the costs for iron ore caused by the different transport distances 
as well as in particular from the prices for the energy transfer media natural 
gas and electric energy. 

In Venezuela sponge iron can be currently produced for approx. 100 US$/t. 
For the marine transport to Europe approx. 20 US$/t must be estimated, for 
the cargo handling approx. 3 US$/t and for the further transport approx. 7 
US$/t. 

At the current energy costs a production at a location in West-Europe is 
only efficient if the costs for new scrap of the grades E 2 and E 8 are high. 
Otherwise the import of sponge iron can be more favourable. 
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When taking the even higher production costs for MIDREX-sponge iron at 
a Japanese location into consideration plans by BHP can be understood to 
produce HBI in north-west Australia from local high-quality ore and 
existing natural gas and to sell it in the Pacific area. 

3.4     Pig iron 

About a total 13 million tons of pig iron are traded every year, mainly in 
form of pigs. Most of it is used in foundries. At steel works pig iron is -
like sponge iron, too - used as a raw material with lower contents of tramp 
elements as well as with an additional energy content due to the [C]- and 
[Si]-contents. In general it is charged by the scrap basket. 

In the meantime there are electric steel works using hot metal. Pioneers for 
this process are the steel works of ISCOR in South Africa at the locations 
Pretoria and Vanderbijlpark. A large variety of raw materials - pig iron, 
sponge iron and scrap - is used at the steel works ISP AT SALDANHA-
STEEL Ltd in South Africa. According to the CONARC-process the added 
raw materials are either oxidised similar to the LD-process or smelted by 
means of an electric arc furnace. Depending on the availability of the raw 
materials or the quality to be produced in relation to tramp elements all 
mixing ratios are possible. The plant was taken into operation in 1998. In 
Europe hot metal is used at UNIMETAL in Grandange and at COCERILL. 
In Southeast Asia power rates and scrap prices are higher than in Europe. 
Both can be optimized by using hot metal which is done in several plants in 
Japan (Mitzushima) and in China (Bao Steel, Shagan Steel Works) 

The increasing availability of HBI could lead to an additional variant 
concerning the use of hot metal in the electric arc furnace. In Central 
Europe HBI, sponge iron and/or even cheap scrap coming from refuse 
incineration plants can be remelted in a cupola furnace to a synthetic, low-
silicon pig iron with a Carbon-content of 3 - 4% at conversion costs of 
about 20 €/t. The capital expenditure for a cupola furnace must be 
calculated with 45 U$/tliquidp-a.. This variant in combination with the use of 
scrapped cars and residuary substances from shredding plants as energy 
transfer media together with a respective purification of the waste gas was 
planned for several times but has not been realised in Europe so far. 

4.       Processing costs 

Figure 23 shows a comparison of the processing costs of a 125 ton-electric 
arc furnace with the ones of BOF converters with a tap weight of 150 tons 
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and 245 tons respectively [15]. In case of an electric arc furnace melting 
energy (44%) and graphite electrodes (17%) contribute to more than 50% 
of the processing costs. Expenditures for the additional burner, cooling 
water, operating power, heating and warming of the ladles as well as the 
oxygen are included in the costs for fuel and energy. These costs account 
for 5%. 10% must be calculated for refractory costs and the cooling 
element for wall and cover. Further costs such as wages and salaries, 
maintenance and transports amount to 25% of the total cost. 

In contrast to this the processing costs of BOF converters amount to only 
29.3% for a tap weight of 150 tons respectively 23.1% for a tap weight of 
250 tons. So an economic operation of the electric arc furnace is only 
granted if the difference in operating costs for both processes is clearly in 
favour of the electric arc furnace. Figure 24 shows a comparison of both 
steel production processes in relation to the utilisation [1]. It is clearly 
demonstrated that the steel production by means of an electric steel work is 
significantly less dependent on the plant utilisation rate than the steel 
production in an integrated steelwork. 

5.      Current stage of development of the electric arc furnace with outlook 
on further developments 

The workhorse of the mini-steel - the electric arc furnace - has seen a rapid 
development in the last three decades. Figure 25 gives some stages of 
development in connection with the changes of some significant indices of 
the furnace [17]. This technological development has resulted in a 
significantly improved efficiency of the mini-steel works. 

Among others the following important steps of development are to be 
mentioned: 
• Water-cooled side walls 

The water-cooled side walls allow an operation with longer electric arcs. 
The increased energy losses due to higher radiation losses are more than 
compensated by an improved melting performance as well as reduced 
costs for the operation of the cooling elements in contrast to the 
refractory lining. Today cooling boxes made of steel have a life-time of 
4000 - 8000 melting processes At the Georgsmarienhütte the highly 
stressed cooling elements in the "hotspot" are made of copper. 

• Cooling Block (Figure 26) 
• Eccentrical bottom tapping 

This construction allows a reduction of the tilting angle of the furnace 
from 45° to 15° when tapping. So on the hand the water-cooled area of 
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the side wall can be enlarged. On the other hand the high-current cables 
can be shortened so that the operating reactance is reduced and the input 
of power is increased. Further advantages are the low-slag tapping as 
well as the reduced capture of nitrogen and hydrogen. 

• Foamed-slag procedure 

In nearly all electric steel works - apart from those producing RSH-
grades - it has been standard since the end of the seventieth to allow the 
electric arc to burn in foaming slag. So the refractory lining as well as 
the water-cooling tanks of the upper furnace are protected against the 
high radiation. With a well-foaming slag the electric energy is 
transferred to the steel melt in a better way so that savings of 10 to 30 
kwh/t can be achieved. The consumption of injection coal for AC arc 
furnaces is approx. 5 kg/t and for DC arc furnaces 10 to 12 kg/t, in 
single cases up to 20 kg/t as due to the longer electric arc at the DC-
furnace more foamed slag has to be produced. 

• Cooling of electrodes 
In order to reduce the surface oxidation of the electrodes they are 
sprayed with water. So savings of up to 30% of the costs for electrodes 
can be achieved. The water which is not vaporised sprinkles on crossing 
of the cover. By this cooling effect the life-time of the crossing is 
significantly improved. 

• Lance manipulator 

Apart from oxygen and injection coal other solids such as filter dust or 
lime can be injected by the remote-controlled lance manipulators through 
the slag door into the furnace. Only with the lance manipulator it is today 
possible to inject the volumes of oxygen into the furnace which are 
today usual and to blow the injection coal to the optimal place of 
reaction. 

• Direct-current technology 

Besides the reliable highly advanced AC-technology the direct-current 
technology has been established as a process with comparable benefits. 
These furnaces are usually equipped with different types of bottom 
anodes: 
- the conducting hearth 

- the steel anode inserted into the refractory material (Multipin, fin 
type) 

- the water-cooled steel anode 

Due to reasons of consumption the graphite electrode is normally 
switched as cathode. As the design of large electrodes is limited due to 
technical reasons to a size of 32" and a secondary current of 170 KA the 
input of power via an electrode is limited as well (Fig 27). Increases in 
input of power for the DC-technology can be achieved by dual-cathode 
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furnaces. Here the dual-cathode furnace at HYLSA in Mexico must be 
mentioned. With 4 x 52 MVA transformers (208 MVA) sponge iron is 
melted which is pneumatically conveyed between the electrodes. 2 
cathode furnaces used in Japan and the USA for melting scrap have only 
partly solved the problem of the electric arc burning between the 
cathodes. 

• Intelligent electrode control systems 

The newly developed intelligent electrode control systems which are 
partly based on neuronal networks or high-speed computers operate the 
electric arc furnaces online at their maximum thermal loadability while 
considering the thermal stress of the upper furnace. At any moment of 
melting the optimal operating point is achieved. 

• Technology of dual-furnace vessel 
By arranging two furnace vessels next to each other which are operated 
with a single swivelling set of electrodes it shall be achieved that the 
non-productive times such as charging of scrap, maintenance of the 
furnace etc. are largely avoided. During this periods the set of electrodes 
are turned over the other vessel so that the melting process can be 
continued. The experiences with this type of furnace made so far reveal 
that a significant advantage can only be achieved by this technology if in 
one vessel the processes of melting, refining and overheating can be 
continued without any interruption. 

• Increased secondary voltage of 1500 V for AC electric arc furnaces 
The AC electric furnaces will experience a new push of development if 
the current upper limit of the secondary voltage is increased from 1000 
V to 1500 V. In Germany the use is only allowed with special 
requisitions and specific approval so far. Then transformers with a 
performance of significantly more 160 MVA are available. 

When having a look at the Sankey-diagram of an electric arc furnace 
(Figure 28) the losses by flue gas directly raised the question for a 
possible utilisation. A pre-warming of the scrap in the basket were a first 
approach which, however, were waived due to the amounts of 
contaminants in the flue gas. More consequent solutions were found by 
means of the smoke flue and the Consteel-process (Figure 29). 

Depending on local legal provisions a special treatment of the flue gas is 
necessary to minimize the amount of contaminants, because of the de 
nuovo synthes of the dioxins. 

Another approach currently followed is to keep the volume of waste gas 
as low as possible. This requires a closed furnace vessel (Air-tight 
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furnace) where the reaction gases are injected by a "Coherent Jet" 
(Figure 30, 31). For this purpose a high level of automatisation for the 
furnace operation, sampling, measurement of temperature, handling of 
foamed slag etc. must be developed. 

6.       Final remarks 
The traditionally flat, more medium-sized organisational structure of the 
original mini-steel works ensure due to their short formal and informal 
ways of communication a significantly higher flexibility than the classical 
integrated ironworks could achieve. Electric steel works established from 
integrated ironworks partly succeeded in adopting this organisational 
structure. Due to this structure it should take much less time to realise the 
philosophy of TQM-Total Quality Management. TQM means quality of all 
internal and external activities of a company. The idea of quality is not 
limited to the product alone but encompasses all activities related to its 
production. Quality is achieved by the employees in various processes and 
not only checked at the end. This requires a company philosophy which 
promotes the employees and entrusts them with responsibility. 

Technology alone does not result in a positive overall company result. The 
economic success of a company is always achieved by the total number of 
employees. It is up to us to breathe life into the idea of TQM in order to 
ensure the success of the company. Certificates alone are not sufficient. 
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1  High-current circuit 

Since 1909 the high-current circuit in alternating current (AC) electric arc furnaces (EAF) has 
been designed according to the principle of the Héroult system. It comprises three phases 1, 
2 and 3 connected to the secondary terminals of the transformer in the form of a star connec-
tion. The high-current line, see figure 1, consists of the outgoing supply A from the trans-
former, the flexible high-current cables B, tubular conductors on the electrode arms or cur-
rent-conducting electrode arms C and the graphite electrodes D. In AC EAFs, the arcs are 
burning from the tips of the electrodes towards the melt F, uB is the arc voltage. The melt 
forms the free star point 0 of the alternating current system. The AC EAF does not require a 
bottom electrode. This, however, is necessary for a direct current (DC) EAF. Only a current-
free measuring lead is connected to the furnace vessel for measuring the phase voltages u1M, 
u2M, u3M of the furnace. 

 

Figure 1:   High-current circuit of the AC EAF 

The first article on electrical engineering principles will deal with the physical properties of 
the AC electric arc relevant for the engineering and operation of EAFs. 

The electric arc is a gas discharge between two electrodes (anode and cathode) connected to a 
voltage source. In the EAF one of the two electrodes is made of graphite. This electrode is not 
to be consumed. The other electrode is formed by the scrap charge to be molten. Figure 2 
shows the typical arrangement of an AC EAF with 3 electric arcs between the graphite elec-
trodes and the molten metal. The discharge of the electric arc is also called plasma. The 
plasma consists of negative charges (the electrons) and positive charges (the gas ions). 



 

Figure 2:   Arcs in the AC heat at flat bath conditions 

2      Temperature and electric conductivity of plasmas 

The literature provides different information regarding the temperatures and gas composition 
of AC electric arcs. Jordan et al. [1] estimate the temperature of the cathode half-wave at 
12000 - 18000 K. Such values are only possible with air plasmas whose H2, N2 and 02 contents 
have been dissociated and ionized into atoms. 

More recent investigations on direct current electric arcs from Block have revealed that the 
plasma temperature is about 8600 K [2]. The electric conductivity is, above all, determined by 
electrons resulting from the ionization of iron atoms whose content in the plasma is estimated 
at 2.5 %. It is assumed that these conditions also apply to AC electric arcs. 

The electric conductivity of plasmas with different gas compositions is given in figure 3. 



 

Figure 3: Electric conductivity of gas discharge in relation to the temperature.     

air, - - - air + 5 % Fe, -.- air with 10 % Fe 

3     Electric arc geometry 

In the AC electric arc furnace the AC electric currents must be re-ignited in each half-wave. 
In the case of negative polarity of the graphite electrode (cathode half-wave) the gas discharge 
takes a cylindrical form (figure 4a) which is stabilized by a gas jet produced by a higher cur-
rent density at the electrode tip [3]. As such a contracted column also occurs with DC electric 
arcs in DC EAFs, this phenomenon will be explained in more detail: 

Under such polarity conditions, current densities at the cathode have been observed to be 
4-5 times higher (approx. 5 kA/cm2) than at the rest of the arc column. The contraction of 
streamlines leads to gas currents in a fluid due to the Lorentz forces. In this case the Lorentz 

force S x B contains a component acting in the direction of the axis of the electric arc, caus-
ing a plasma current, the cathode jet, which enters the cathode and stabilizes the electric arc 
column to form a cylindrical discharge channel, figure 5. 



 

 

Figure 5:   Stabilizing the cathode half-wave by Jet flow 

(I = current, S = current density, B = induction, f = Lorentz force) 

In contrast to the cathode half-wave, at the anode half-wave there is no stabilizing jet. This 
produces kink instabilities in the plasma column, figure 4b. At the cathode half-wave the 
plasma column is "stable", at the anode half-wave it is "turbulent". 

4      Current density 

The current density of the hot, current-conducting core of a high-current arc is about 
1 kA/cm2 [1]. With alternating currents the core diameter of the electric arc changes according 



to the sinusoid. For example, the maximum core diameter of a 60 kA electric arc at the cur-
rent peak is only about 10 cm, i.e. the channel diameter is much smaller than it visually ap-
pears. 

5     Arc length 

According to the principle of minimum energy, the electric arc is constantly trying to mini-
mize its length. Therefore, arcing between the graphite tip and the metal bath is largely verti-
cal. However, due to the rotating magnetic field the plasma column is deflected towards the 
furnace wall, figure 2. 

The relationship between the arc voltage UB and the arc length l is largely linear. Accord-
ingly, the arc voltage is made up by the anode and cathode fall of approx. UAK = 40 V and the 
voltage drop at the plasma column: 

 UB = UAK +E . l . 

The electric field intensity E in the plasma column depends on the furnace condition. It can be 
determined by upward and downward motion experiments in EAFs [4, 5, 6]. Figure 6 shows 
the measured relationship between the arc voltage and the electrode lift in a 90 MVA EAF at 
varying furnace voltages. The figure also shows that the currents increase with a decreasing 
voltage. When the arc is covered by foaming slag (figure 6b, lower part of the characteristic 
curve), the field intensity is about 1 V/mm, Free arcs without foaming slag have a smaller 
field intensity which can be as low as 0.6 V/mm (figure 6a). Comparable field intensity val-
ues have been observed with direct current arcs. 

 



6 Arc thrust 

The plasma jet occurring at the cathode half-wave (figures 4 and 5) produces a thrust acting 
in the direction of the arc axis, causing the base point of the arc penetrating the melt. Ac-
cording to Bowman [5], there is a quadratic relationship between the growth of the thrust T 
and the furnace current: 

T = A-10-7 I 2  i n  N   . 

In an AC arc the factor is A = 0.6 and in the DC arc A = 1. Accordingly, in a 60 kA AC arc the 
arc thrust amounts to 216 N, in a DC arc with the same effective value it amounts to 360 N. 

The plasma jet transmits a considerable part of the electric arc power into the bath. At the 
same time the penetration of the plasma column into the steel bath (penetration depths up to 
60 mm have been reported) makes for a good heat transfer to the melt. 

7 Magnetic arc deflection 

Current-carrying conductors located in an external magnetic field are subject to an electrody-
namic force, the so-called Lorentz force. This force also acts on the electric arcs in the AC 
EAF as they are affected by the external field of the adjacent phases. 

In a two-phase system, as shown in figure 7, the arc in phase 1 is affected by the external field 
B2 of the adjacent phase 2, producing an effective force density f1 perpendicular to the cur-
rent density vector S1  and B2 and deflecting the arc towards the furnace wall. 

 

Figure 7:   Lorentz forces on arcs in a two-phase system 
(S1 = current density in phase 1, B2 = induction from phase 2, f1 = Lorentz-force 
in arc 1) 

The force effects on electric arcs in three-phase system as shown in figure 8, can be described 
by section loads qi in the horizontal plane X/Y: 



 

Assuming symmetric sinusoidal currents with a clockwise phase sequence, 

i1 =I cos (wt + 120°), 
i2 = i cos wt, 
i3 =i cos (wt-l20°), 

for example, the following normalized line load results for the arc in phase 2: 

 
   
 

 

Figure 8:   Electrodynamic forces on the arcs and electrodes for sinusoidal currents and phase 
sequence 1,2,3 



As shown in figure 8, the locus curves of the section loads acting on the electric arcs and the 
graphite electrodes are circles. The circles are running through clockwise according to the 
phase sequence at double line frequency (100 Hz). In the case of free arcing, the arcs follow 
this rotation field without delay. They rotate through a deflected axis pointing towards the 
furnace wall. This causes the graphite electrode to form a slanted tip when being consumed, 
figure 2. 

The current furnace practice is to use foaming slags. Slags covering the complete arc can in-
sulate the arc against magnetic forces or mechanically limit the arcing volume [5]. If only a 
part of the electric arc is covered, the hydrodynamic stirring effect of the electric arc plasmas 
caused by the rotation field can promote slag foaming and the energy transfer from the elec-
tric arc to the melt. 

8      Characteristics of electric arc variables 

 

Figure 9:   Time records of arc voltage and current and arc characteristics [10] 

a) instantly after start melting (uL = 610 V, i = 81 kA) 

b) 7 minutes after start melting (uL = 429 429 V, i = 93 kA) 

c) 27 minutes after start melting (uL = 356 V, i =100 kA) 

The waveforms of electric arc variables, which can only be measured with special measuring 
systems [7, 8, 9], are strongly influenced by the melt-down progress [10]. Non-stationary, 
rectangular arc voltages with stochastic contents occur during the start of melting. The sto- 



chastic contents are caused by rapid arc movements on the cold scrap, figure 9a. The reigni-
tion of the arcs, which is necessary in each half-wave, can also be delayed. 

The second record of signals in figure 9b was made during the liquid state of the bath. The 
stationary arc voltages are very much rectangular and the current is approaching the sine-
wave form. An electric arc covered with foaming slag features virtually constant conductivity 
and practically acts as a linear ohmic resistance. Both the arc voltage and the current take an 
almost sinusoidal shape, figure 9c. 

The arc curves for the considered measuring points are characterized by non-linear functions 
with hysteresis. Not only the arc length, but also the arc temperature and the arc environment, 
e.g. foaming slag, influence the arc characteristics and change them as the melting process 
progresses. 

9     Acoustic emissions 

Steelmaking in AC electric arc furnaces causes extreme noise emissions. Noise levels of 
130 dB(A) and above are possible. The main noise sources are uncovered AC arcs. Among 
others, McQueen and Beckmann studied the noise generation in electric arcs, using thermal 
noise models [11, 12, 13]. According to measurements during AC furnace operation (fig-
ure 10), the noise emission during the boring period is largely a wide-band sound accompa-
nied by a 100 Hz tone. The character of the sound signal changes with progressing melt-
down, assuming deterministic components of 100 Hz and their harmonics. Covering the arcs 
with foaming slag considerably reduces the acoustic effect. 
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1. Introduction 

A characteristic for the evaluation of the electric steel process is the specific electric energy and the 

energy costs combined with that. 

About the energy transfer of the electric arc onto the melt little is known. Since there are not any 

physical models for electric arcs yet, there are not also any complete energy models yet. 

There are only energy flow diagrams for electric arc furnaces. On that is reported at other place in this 

seminar. Therefore one must satisfy with simplified representations and partial results from 

experimental or theoretical investigations. 

Already Kriz [1] and Wotschke [2] dealt with energy losses and energy balances of electric arc 

furnaces. Schwabe [3 ] stated that the wear of the refractory of the wall due to the radiation of the 

electric arc depends on the electrical sizes of the arc. The defined Refractory Index 

 

as a measure of the wear of the refractory is proportionally to the product of the arc power PB and the 

arc voltage UB and vice versa proportionally to the square of the distance d of the arc to the wall. 

Ottmar, Oerter and Ameling [4] modified this Refractory Index and showed considerations for a 

functional mode of operation and design of high power electric arc furnaces. Schmeiduch practised a 

modification of the Refractory Index for the case of the shielding of the arc through slag [5]. He 

defined for this purpose a protective factor to the correction of the radiation of the arc onto the wall. 

 

2, Electrical efficiency 

It must be considered for the transfer of electric energy from the power supply network to the arc that 

in the connecting devices (copper, graphite) losses occur. The entire power P 

P = 312(RV+RB) 

supplied by the power supply network divides in the power of the electric arcs PB 

PB=3I2RB 
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and the power dissipation Pv. 

PB=3I2RV 

Thus a degree of electrical efficiency nel 

 

can be defined. In order to receive a maximally high degree of electrical efficiency must RB » Rv, that 

can be realised by a current-weak arc or minimised loss resistance Rv . 

To that an example withdrawn from the literature [6] is considered (figure 1). For a current of I = 50,7 

kA and a resistance of Rv = 0,68 mΩ  the losses are 1,748 MW/phase. From the active phase power Pstr 

= 17,645 MW only PL = 15,9 MW are available to the electric arc. From that an electrical efficiency of 

nel = 90 % results.  

Example: Electric Arc Furnace (Nanjo 1973) 

60 t, 60,153 MVA, 685 V, 50,7 kA 

cos p = 0,88 "long arc" 

P = 52,935 MW (total effective power) 
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3. Energy transfer from the arc to the melt 

It is estimated which part of the power of the arc contributes to the heating of the melt. This part is 

defined as the thermal degree of efficiency. 

To that at first a theoretical example is considered. This is complemented later by an experimental 

study. 

For the example represented in figure 2 the case is accepted, that long electric arcs burn onto the melt 

[6]. One recognises that the arc power of 15,9 MW assembles from the powers of the voltage drop at 

electrode E and melt S (Ps/2 = 0,75 MW) as well as the plasma column P (PP = 14,4 MW). 

 

Figure 2: Power balance of the electric arc for the flat bath period [6] 

The plasma column P transmits the power basically through radiation [6] 

• onto the arc spot on the melt S      . (QPS = 4,32 MW), 

• onto the residual steel melt H (QPH = 2,9 MW), 

• onto the electrode E (Qpr = 2,86 MW), 

• onto the water cooled panels C (Qpc = 1,45 MW) and 

• onto the refractory of the roof R (QPR=1,3 MW). 
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A further part of the plasma column power of QK = 1,57 MW is transferred finally through 

convection of the arc flame onto the wall. 

For the energy transfer of the arc onto the bath it is to be considered that QES + QEH = 0,62 MW are 

radiated from the hot electrode onto the melt. 

To the wall and the cover a power of 4,32 MW (27,2 %) and onto the electrode a power of 3,61 MW 

(22,7 %) will be transferred, figure 3. Considering the radiation of 0,62 MW from the electrode onto 

the melt the power of 8,59 MW (54 %) is transmitted to the melt. 

The efficiency is 54 % for this "long arc" - operating mode. Under the consideration of the electrical 

efficiency a total efficiency of 48,6 % results. 

In addition to this computational example an experimental example is given in the literature. In this 

case a 1 MW arc was investigated [7], figure 4. Here it is shown that the convective heat transfer of the 

arc contributes the predominant part to the heating of the melt. This result agrees better with the theory 

of the gas flow (Jet) directed towards the melt. In total 72,5 % of the power to the arc is transferred in 

this case to the melt. 
Pt = 15,9MW (100%) 
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Figure 4: Experimental power balance of an AC electric arc with I = 7 kA and U = 143 V after [7] 

4. Improvement of the energy transfer 

4.1 Influence of the arc length 

The radiation of an free burning arc directed towards the furnace wall can be reduced through the 

reduction of the arc length. This means that a short arc with high current is necessary. This was 

examined for example by Ameling [4, 8]. Figure 5 shows test results for the radiation factor RE. The 

heating of a melt without slag was examined in dependence of different arc lengths. The voltage of the 

transformer remained in this case unchanged. The variation of the arc current and the power factor is 

represented. 

The electric losses increase with I2. Accordingly the electrical efficiency nel  decreases with increasing 

current. 

The heat losses decrease with increasing current. With constant voltage and increasing current the 

cos ф becomes smaller. The thermal efficiency nW increases with increasing current. 

Without foamy slag one could achieve the increase in performance of electric arc furnaces and 

simultaneous protection of the refractories only with short, high current electric arcs. The effects on the 

electrode consumption are known. 
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Figure 5: Test results [8] 

Particularly Schwabe propagated the UHP practise with short, high current arcs. He showed at the 

example of a 60 MW electric arc furnace, that the heat transfer by the arc to the melt is increased from 

50 % to 60 % by shortening the arc length from 21 cm to 16 cm [9], (Figure 6). 

4.2 Influence of the foaming slag 

The above represented conditions have changed now since the end of the seventies through the 

introduction of the operating parameter with a foaming slag. 

First of all, was found, that through the foamy slag the burning-behaviour of the electric arc stabilises 

and the arc characteristic curve is linearised by that. On the one hand this leads to a reduction of the 

network disturbances and on the other hand for the increase of the arc power and the productivity. 
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With an arc shielded through slag one can   a long, low current arc. The electrode consumption is 

reduced by that. 

 
Figure 6: Thermal efficiency of the heat transfer from the electric arc to the melt depending on arc 

length and active power, after Schwabe [8] 

 

Figure 7: Influence of the foamy slag on the degree of efficiency of the energy transfer from the 

electrode onto the melt, after [10] 

Calculations about the effects of the foamy slag on the degree of efficiency of the electrical energy 

transfer occurred from Ameling and Petry [10], figure 7. For an arc half enveloped with slag the degree 

of efficiency increases itself from 36 % to 65 % in comparison with an free burning arc. In the case of 
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complete covering of the arc with slag the degree of efficiency can increase up to 100 %. Through that 

an energy saving of 10 to 30 kWh/t results. 

A borderline case is the transition onto the pure resistance heating. This case occurs, when through a 

high electric conductivity of the slag the field strength drops below the arc field strength. Then the arc 

will gone out (pure resistance heating, for example as in the ESR furnace). 

4.3 Flows in melt and slag 

Subsequently the influence of the electrical quantities on the mixture of melt and slag are supposed to 

be considered. 

Ameling and Petry showed that with the application of raw dolomite an intensive mixture of melt and 

slag occurs. The homogenisation of temperature is improved by that. This is causal for the energ 

saving of 30 kWh/t. 

Concerning the mixture and the stirring of the melt two effects which are dependent on electrical 

quantities are to be observed. 

• The momentum of the arc jet onto the melt and the rotating arcs cause a mixture of the melt with 

simultaneously good heat transfer. For a slag-free melt a rotation of the entire melt is observed, 

figure 8. 

• Through the inhomogeneous electrical flow fields coming from the arc spot on the melt one 

receives a flow at the melt surface. 

 

 

 

 

 

 

 

 

Figure 8: Mixing effect of the AC arc and flow of the melt 

Both effects are dependent on the arc current. Through the transition onto the operating parameter with 

long, current-weak arcs these desired effects decrease. This is a procedural disadvantage of the foamy 
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slag practise. One must use therefore other possibilities where appropriate to the mixture of the melt, 

for example the bubbling with argon or the application of an electro - magnetic stirrer. 

From the viewpoint of the optimal energy use the direct current arc offers special advantages [11] in 

the DC electric arc furnace, figure 9. The direct current arc burns between the graphite electrode 

seeming as a cathode and the anodic melt. 

 

Figure 9: Flows in the DC furnace 

• The voltages in the voltage drop fields of cathode and anode UK =10 and UA = 30 V are oriented so 

that the losses are minimised at the graphite cathode and with that also the tip consumption of the 

electrode is reduced considerably. 

• A jet directed from the cathode to the anodic melt is available. This transmits a predominant part of 

the arc power directly on the melt. With arcs covered from slag a radial slag flow directed towards 

the arc arises. 

• In the melt the electric flow lines starting from the arc expand up to the bottom electrode. A 

mixture of the melt arises from this inhomogeneous flow field in the entire bath. 

The comparison of a DC furnace with an AC arc furnace at NUCOR-Steel (USA) from the energetic 

viewpoint showed, that the electric energy consumption of a DC furnace is 8 % less as a comparable 

AC arc furnace. 
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5. Outlook 

The energy transfer from the AC arc onto the melt is difficult to describe because no physical models 

for electric arcs are available. Therefore these comments have partially qualitative character. 

For a free burning arc on a melt only half of the electrical power fed to the arc will transfer to the melt. 

The shortening of the arc length improves the energy transfer of the arc to the melt. For the same 

amount of power the current will be higher. This means, that the electrode consumption will increases 

in this case. 

An improvement of the efficiency resulted through the operating of EAFs with foaming slag . The 

knowledge about these phenomena still is however imperfect. Therefore further studies are necessary 

about the arc behaviour in foamy slag from the viewpoint of an optimisation of the electro-thermal 

energy conversion. This is valid also for the arc in the ladle furnace. 

One receives comparably favourable conditions during the energy conversion in the DC arc. Also the 

flow fields through inhomogeneous electrical flow fields are advantageous in this case in melt and 

slag. 
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THERMODYNAMIC ANALYSIS OF EAF ENERGY EFFICIENCY AND COMPARISON 

WITH A STATISTICAL MODEL OF ELECTRIC ENERGY DEMAND 

H. Pfeifer. M Kirschen 

Institute of Industrial Furnaces and Heat Engineering in Metallurgy, RWTH Aachen, 
Germany 
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ABSTRACT 

Specific data like specific electric energy consumption or specific electrode consumption are 
important reference numbers for EAF steelmakers. In this paper mass and energy balances are 
formulated to calculate the factors in the statistical approach of Köhle [2,4]. The difficulty is 
formulation of the relations between effects detected from the coupled mass and energy bal-
ances and the electric energy consumption of the EAF, The calculations show, that the statis-
tical developed coefficients after Kohle and the based on mass and energy balances calculated 
coefficients for the variation of the input masses of DRI, hot metal and slag formers and of 
gases (natural gas via burners, oxygen by lancing and post combustion oxygen) similar. 

INTRODUCTION 

In the field of electric steelmaking it is usual to discuss specific data as electric energy per ton 
of liquid steel, electrode consumption per ton of steel, productivity in tons per hour or the 
tapping rate in heats per day. 
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Some of this data and its development over the last decades are shown principally in fig. 1 
from Szekely and Trapaga [1]. This figure shows on the other hand side, that numerous fac-
tors influence the specific electric energy consumption in EAFs. As a result the specific elec-
tric energy consumption can vary in a wide range concerning different melting practices or 
EAF types. It is of practical interest to develop mathematical equations or relationships for the 
correlation of the specific electric energy consumption with the most important factors influ-
encing this value [2,3]. In this paper the relationships between complete or total energy bal-
ances of electric arc furnaces and the factors of the statistical mathematical equations from 
Köhle [2,4] shall be investigated. 

STATISTICAL ENERGY CONSUMPTION FORMULA 

In 1992 Köhle [2] developed a first statistical equation (eq. 1) based on the analysis of the 
average data of 14 furnaces in Germany. 

 

 

specific electric energy consumption 
weight of ferrous materials furnace 
tapping weight weight of slag 
formers tapping temperature 

 power-on time  
power-off time  
specific burner gas  
specific lance oxygen 

During the last decade this formula was extended to post-combustion and alternative ferrous 
materials. Actually a modified version of this formula, based on a large number of single heat 
data from 5 EAFs, is available [4]. 

 
GDRI     weight of DRI WV      energy losses (if measured) 
GHBI     weight of HBI Wvm   mean value of Wy 
Gshr      weight of shredder NV     furnace specific factor (0.2... 0.4) 
GHM     weight of hot metal 
Compared with eq. (1) some of the factors changed and additional parameters affecting the 
specific electric energy consumption are added. The estimation of the range of such factors 
from thermodynamic principles is the main topic of this paper. 
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THERMODYNAMIC ANALYSIS OF EAF ENERGY EFFICIENCY 

The experimental and theoretical investigation of mass and energy balances are a main subject 
of the Institute of Industrial Furnaces and Heat Engineering of RWTH Aachen [5... 8]. 

MASS BALANCE 
The targets of the mass balances are for example the determination of metallurgical reactions 
(C, Si, Mn, Fe), the mass of infiltrated air and off gas in addition to well known data like me-
tallic input, electrode consumption, productivity, slag, etc. To realise this additional meas-
urements concerning the off gas composition, volume flow and gas temperature are necessary 
[8]. Fig. 2 shows the average mass balance of 31 heats for a 100t-EAF with a relatively low 
installed specific power of 450 kVA/t and a relatively high consumption of oxygen, coal and 
natural gas. This results are based on the mass balances of carbon (off gas measurements), 
nitrogen (infiltration air) and CaO (slag mass), e. g. 

xCa0,Lime mLime + xCaO,Refr. mRefr. = xCaO,Slag mSlag + xCaO,Dust mDust (3) 

x mass content of CaO m     mass 

The data of mCaO,Lime, mCaO,Dust and xCaO,refr. are known from chemical analysis of samples. mRefr. and 
mDust are known from statistical data and mLime is a process parameter. The slag composition x 
CaO,Slag is determined of slag probes taken at tapping for each heat. 

 
ENERGY BALANCE 
Complete or total energy balances are based on the 1st law of thermodynamics. This requires a 
suitable definition of the system boundary, e. g. shown in fig. 3. Such a definition of the sys-
tem boundary includes e. g. the electrical losses in the furnace transformer and the high cur-
rent system. On the other hand, this figure shows that the specific electric energy used for the 
dedusting system and/or the ladle furnace is not included. This is similar for the case of scrap 
preheating with additional fuel input for the post combustion of hazard products in off gas 
system reactors. The energy balance can be written in the form 

  ∑ ∫ (QI+P + HI+RI) dt = O (4) 
i=l heat 

QI     heat flow (e. g. wall and cover cooling) Hi     enthalpy of mass flow (off gas, liquid steel, slag) 
P      electric power RI     metallurgical oxidation reaction (C, Si, Mn, Fe) 



 

 
notation index 
m     mass x      concentration br    burner O2 oxygen 
m     mass flow T      temperature C     carbon si slag 
V      volume flow ∆T   temperature diff.          el     electric st steel 

cw   cooling water og off gas 
Fig. 3: System boundary for the electric arc furnace 

This balance assumes, that the internal energy of the furnace is equal after each heat. For a 
balance after the 1st law of thermodynamics the EAF itself is analysed as a "black box". This 
means knowledge is only necessary for the mass- and energy flows over the system boundary. 
For chemical reactions, e. g. the carbon oxidation reaction, it must be assumed, that the spe-
cific enthalpy of the complete oxidation reaction C+O2

=CO2 is considered, because CO in the 
off gas is considered as energy loss. The most important chemical reactions for the EAF proc-
ess are listed in table 1. 

Table 1: Chemical reactions for the energy balance of electric arc furnace 
 

  reaction  energy of the reaction 
2A1 + 1.5 O2       -► A12O3 - 8.61 kWh/kgAl -13.86 kWh/m3O2 

Si + O 2       -► SiO2 - 8.70 kWh/kgSi -10.92 kWh/m3O2 
Mn + 0.5 O2       -► MnO -1.95 kWh/kgMn -9.56kWh/m3O2 
2Cr + 1.5 O2       -► Cr2O3 -3.05 kWh/kgcr -9.44kWh/m3O2 

S + O2       -► SO2 -2.75 kWh/kgs -3.94kWh/m3O2 
2Fe + 1.5 O 2       -► Fe2O3 - 2.03 kWh/kgFe -4.74kWh/m3O2 
Fe + 0.5 O2       -► FeO -1.32kWh/kgFe -6.58 kWh/m3O2 
C + O 2       -► CO2 -9.10kWh/kgc 4.88 kWh/m3O2 
C + 0.5 O2       -► CO -2.55kWh/kgc -2.73 kWh/m3O2 

CO + 0.5 O2       -► CO2 -2.81kWh/kgco -7.02 kWh/m3O2 
 

4
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ENERGY BALANCES OF DIFFERENT ELECTRIC ARC FURNACES 

The energy flow diagram (fig. 4) of an 100t-EAF clearly shows mat the energy input consists 
of electric energy, fuels (gas, oil, coal) and exothermic chemical reactions. The output of en-
ergy is the enthalpy of the liquid steel which is taken as energy benefit of the EAF process, 
the enthalpy of the slag, the heat transported with the cooling water from the water-cooled 
panels, the off gases as well as radiation losses. 

 
Fig. 4: Energy balance (mean value from 27 heats of a 100t-EAF, 1999) 

By definition the efficiency is the ratio of the energy benefit and the energy input. 
nN= energy benefit 

    energy input        (5) 
The enthalpy of the melt (steel + slag) is designated as energy benefit of the electric steel pro-
duction. On the basis of a complete energy balances the degree of efficiency is 

enthalpy steel+slag (6) 
     NEAF =  total energy input 

 
This definition of the efficiency considers also the other energy inputs (fuel-oxygen-burner, 
oxygen metallurgy, oxidation of metals, etc.). 

Table 2: Efficiencies of EAFs 
 

 year total energy input 
[kWh/t] 

electric energy 
input [kWh/t] 

steel/slag energy 
[kWh/t] 

nEAF 
% 

 

l00t-fumace, structural steel 1980 (798) (541) (503) (53.0) [5]
140t-furnace, 2001 773 497 442 57.2  
120t-furnace, stainless steel 1989 704 487 443 59.2 [9]
150t-fumace, ferritic steel 2001 758 477 449 59.2 [8]
150t-fumace, austenitic steel 2002 807 510 401 49.7  
60t-furnace, scrap preheating 1990 729 427 429 58.8 [10] 
conventional furnace 1998 680 400 440 54.7 [11] 
l00t-fumace 1999 810 393 434 53.5 
average  752 456 434 58.0  
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CHARGING OF HOT METAL 

The tendencies resulting from increasing hot metal charging in the EAF are given in table 3. 
The increasing energy input by chemical reactions (C, Si, Mn) results to a lowering of the 
specific electric energy input related to Kohle [4] to 

        (7) 

 
The comparison of this relationship with collected data from Scheidig [12, 13] shows, that melt 
shop data are in good agreement with this relationship, fig. 5. 

Table 3: Relationship between variation of EAF process parameters and EAF performance data 

 

 

 

 

 

 

 

 

 

 
 

Fig. 5: Variation of specific electric energy consumption vs. ratio of hot metal input 

HOT METAL ENERGY INPUT 

In a first step the energy input with hot metal is compared with the specific total energy input 
necessary for 100 % scrap. The sampled data for EAF energy balances given in table 2 show, 
that the total energy is approximately 

eelectric energy + ereactions =725...775kWh/t. (8) 
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The specific energy of the charged hot metal is plotted in fig. 6 as a function of the carbon 
content and the hot metal input temperature. Assuming a typical value of 4.1% C of the hot 
metal and a charging temperature of 1400 °C the energy input is 780 kWh/t. This is equiva-
lent to the typical total energy input for 100% scrap melting. 
 

Fig. 6: Specific energy of hot metal including oxidising of C, Si and Mn to the liquid, steel 
composition (parameters: hot metal charging temperature and carbon content) 

HOT METAL ENERGY OUTPUT 

The energy output is the sum of the specific enthalpy of steel (390 kWh/t), slag, off gas, ves-
sel/cover cooling. The data are given in table 4. 

Table 4: Energy output for hot metal charging 
 

liquid steel 390 - 400 kWh/t independent from charged 
ferrous material 

vessel/cover cooling 70-80kWh/t for the first approx. this term 
is constant

off gas 250 kWh/t composition 25 % CO, 25% 
CO2, 50%N2 

slag 50 - 70 kWh/t  
 760 - 800 kWh/t  

The estimations for the off-gas calculation are, that the typical off gas composition consists of 
25% CO, 25% CO2 and 50% N2 with an average temperature of 1500 °C. If 4 % carbon are 
oxidised 53 kg O2/tnM (37 m3 O2/tHM) are necessary if the CO-reaction in the melt is considered. 
It is assumed, that the O2 in the gas phase 

(9) 

is from the infiltrated air (26,7 kg O2/THM)- This means, that 115 kg infiltrated air/t is neces-
sary and a specific off gas mass of approx. 210 kg/tHM is produced. Additional slag formers 
used in the case of hot metal charging are considered in eq. (2) separately. The energy balance 
is 
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The variation of the hot metal ratio AEHM = ACHMGHM results in the variation of 
AE electric energy (AWR), AEreactionss AEdag, AEoffgas and AEeLlosses («AEel),butEsteeiis independent 
from this process parameter. 

 
In eq. (2) the variation of AEreac is considered in the 02-lancing term and AEslag in the slag 
formers term. So the result of the data from the given energy balance are 

CHARGING OF DRI/HBI 

The specific electric energy consumption increase with the substitution of scrap with DRI 
(Direct Reduced Iron) or HBI (Hot Briquetted Iron). The relation after Köhle [4] is 

 

Generally the factor depends from the composition of the DRI/HBI (metallisation rate, carbon 
content, temperature of charging). The following calculations and assumptions are for the 
DRI-composition given in table 5. 

Table 5: Composition of DRI 
 

   mass in kg energy in kWh 
total iron Fetot 93.8 % 882 kg Fe 331 kWh
metallic iron Femet 88.2 %1) 72 kg FeO 101 kWh 
gangue  4.4% 44 kg 35 kWh 
carbon C  0.2% 2kgC -5 kWh 
   £   1000 kg   ∑ 462 kWh 
1)   metallisation rate x = (Femet/Fetot)-100 = 94% 
Fig. 7 shows the relation between the specific electric energy in kWh/t vs. the ratio of DRI. 

Since the lancing oxygen (37 m3 O2/tHM) is noted separately in eq. (2) this factor must be "cor-
rected" to 

Slight variations of this factor will occur, if the influence of hot metal temperature and carbon 
content is considered. If cold pig iron with the same composition is charged the relation is 



Fig. 7: Specific electric energy vs. ratio of DRI (GDRI/GA)100 

The data from Yanez [14] result in a relation 

and from Walden [15] 

The data from table 5 for DRI at 1600 °C indicate a higher energy demand of 77 kWh/tDRi for 
DRI (462 kWh/t) compared with scrap (385 kWh/t). From the data of table 2 a coefficient £ 
can be calculated in the form 

 

The lower value represents EAFs with lower chemical reactions (e. g. stainless steels) and the 
higher value EAFs with higher amounts of chemical reactions due to higher carbon and oxy-
gen input (e. g. concrete steels). Under the assumption, that DRI-charging does not influence 
the relation between electric and chemical energy input, the relation for DRI is 

 

Additional carbon (FeO reduction) and slag formers are considered in other terms of eq, (2). 
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SLAG FORMERS 

The influence of slag former addition on the specific electric energy consumption has changed 
in the eq. (1) and (2) from 1600 kWh/t to 1000 kWh/t. The added slag formers are CaO and 
MgO with a typical relation CaO/MgO = 4...5. Typical compositions of slags from unalloyed 
steel grades are given in table 6. 

Table 6: Typical compositions of EAF slags (unalloyed grades' 
 

 A12O3 SiO2 CaO MgO FeO
range [%] 4-6 8-12 20-30 4-6 40-60
average [%] 5 10 25 5 55 

The theoretical energies used to heat the slag formers from ambient temperature to the tapping 
temperature of 1600 °C are 

The endothermic reactions are 

 
The total energy is 

 
With the defined coefficient £ the equation with specific data is 

 

The variation of the electric energy is of interest (∆esteel=0), so the notation is (∆eelectric energy = AWR) 

 
The specific energy needed for the slag formers is (£ = 0.9 ... 1.1) 
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NATURAL GAS-OXYGEN-BURNERS 

The application of natural gas - oxygen burners is to be seen under the following aspects: 
• increased productivity of the furnace system in the melting period (additional energy input 

by fuels) 
• increasing the thermal symmetry of the AC-EAF during the melt down period 
• energetic improvement of the melting process 
• decrease of the specific electrical energy. 
With the application of these technologies it is evident that an increase of the specific off gas 
volume occurs. The operating period of natural gas-oxygen-burners is limited to the start pe-
riod of the melting process for each bucket when the heat transfer from the flame or the hot 
combustion gases to the scrap is high. The specific amount of added natural gas is typically in 
the range from 3,5 to 6 m3/t. 

The calorific data of natural gas (ng) varies slightly with the area of origin. Natural gas can 
simplified as CH4 with a net calorific value of hu = 10 kWh/m3 ng (36 000 kJ/m3 ng). For the 
combustion 

CH4+2O2->CO2+2H2O (24) 

2m3 02/m3 ng are necessary, if an air ratio of 1.0 is assumed. The combustion efficiency nf 

fig. 8, 

                                                                                                       (25) 

indicates, that in the case of natural gas combustion with air as oxygen source the efficiency is 
low. If natural gas is burned with pure oxygen the combustion efficiency is obviously higher. 1 

 
Fig. 8: Combustion efficiency of natural gas (CH4) vs. off gas temperature for the combustion with 

air or oxygen 

For the determination of the relation between specific electric energy consumption AwR and the 
amount of burner gas MQ the following assumptions are made: 
•    The efficiency of the heat transfer from the arc to the scrap TWscrap at the beginning of 

melting (crater) is high (fig. 9). 
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H     energy flow from the arc to the scrap     Parc    power of the arc 

•   The energy flow from the burner off gas to the scrap is (combustion efficiency) 

 

with Hbr = Hscrap + Hog.         (28) 

 
Fig. 9: Energy flows in the EAF with natural gas burners 

The same energy flow has to be transferred to the scrap for the calculation of the equivalent 
parameter 

 

 

 

 
In terms of energy per ton steel 

 

 

 

The estimated range of the coefficient (7.8 ... 10) includes the given coefficient value from 
Kohle (8.0). If the calorific value of the natural gas is lower (e.g. 9 kWh/m3), the calculated 
range of the coefficient is 7.0 to 9.0 kWh/m3. 

Studies for the determination of the substitution potential of the electrical energy by fuel oxy-
gen burners at a 100-t UHP EAF showed, that the sum of the specific energy input from elec- 
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trical energy and fuel energy increases only slight by increasing burner gas input (fig. 10) 
[17], Thus the necessary electrical energy input is reduced from 13 to 8.4 kWh/m3. 

Fig. 10: Substitution of el. energy by chemical energy from natural gas combustion 

POST COMBUSTION 

Post combustion of CO in the vessel of the EAF is an intensively discussed method to in-
crease EAF efficiency. The reaction enthalpy of the CO-post combustion reaction (eq. 9) is 

∆h = -7,02kWh/m3
02   and the "statistical" relation between the specific electric energy 

and specific oxygen for CO-post combustion is 
 
 
 

 
 
 
The experimental investigations of the gas atmosphere in EAFs by off gas measurements 
show, that generally no oxygen in the off gas is detected if larger percentage of CO is avail-
able. Complete oxygen balances show, that reactions of CO with O2 from the infiltrated air 
occur and the relation CO/CO2 determine. So the CO-post combustion can be estimated as 
followed: 
• post combustion is effective, if scrap is available to absorb the energy of the reaction 

(scrap melt down periods), 
• the off gas volume flow is not changed for the post combustion period, 
• the off gas temperature varies only slight by use of post combustion. 

Two energy balances are investigated for the post combustion of lm3 CO. The balance shown 
in fig. lla estimates the heat for the combustion of CO with injected O2 and balance lib the 
combustion of CO with infiltrated air. 
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Fig. 11: Post combustion of 1 m3 CO with oxygen (a) and infiltrated air (b) 

This valuation gives a coefficient of 2.4 kWh/m3 O2, which is relative near to the value of 
Kohle with 2.8 kWh/m3 O2. 

LANCE OXYGEN 

The lance oxygen input has the following targets: 
• oxidation of oxygen-affine elements like Al, Si, Mn and Fe without increasing the off gas 

volume 
• slag foaming with additional C-input 
• decarburisation of the melt in the case of hot metal charging or DRI-charging with higher 

C-content. 
The basic reactions for lance oxygen are listed in table 1. If the typical composition (average) 
of EAF slags given in table 6 is considered, the energy for oxidation of Al, Si and Fe is 8.6 
kWh/m3o2- The energy of the complete combustion of carbon to CO2 is 4.88 kWh/m3o2- A 
number of mass balances for C and O2 indicates, that approx. 30% of the oxygen is necessary 
for the metal oxidation and 70% for the carbon oxidation. So the benefit of lance oxygen is 6 
kWh/m3o2- In [3] the oxygen equivalent factor is estimated to 5.2 kWh/m3o2 under considera-
tion of incomplete carbon combustion. 

From the data of table 2 a coefficient £, can be calculated in the form 

 

 

The lower value represents EAFs with lower chemical reactions (e. g. stainless steels) and the 
higher value EAFs with higher amounts of chemical reactions due to higher carbon and oxy-
gen input (e. g. concrete steels). 



SUMMARY 

Six from eleven coefficients of the equation from Kohle [4] have been estimated by mass and 
energy balances. The results show, that the coefficients are similar from the statistical investi-
gation and typical mass and energy balances. The comparison of complete mass and energy 
balances from five different EAFs investigated by the Institute of Industrial Furnaces and 
Heat Engineering in Metallurgy shows, that the correspondence of this data with the modified 
equation (2) is better than with the original equation (1), fig. 12. 

 
Fig. 12: Comparison of the data from five different EAFs with the specific electric energy 

consumption after eq. (1) (fig. a) and eq. (2) (fig. b) 
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Abstract 
Empirical models that are applied to calculate the specific electrical energy demand of elec-
tric arc furnaces in steel industry are compared to a thermodynamic analysis of the meltdown 
process. The influence of various process and plant technologies on the specific electrical 
energy demand is investigated and compared with the regression coefficients of empirical 
models from Kohle, and Adams and co-workers. For this purpose, thermodynamic analysis of 
the energy transfer from various sources to scrap and melt of the EAF process is applied. 
From the complete energy balance of the EAF process ranges of coefficients are derived 
relating the electrical energy input with process parameters (i.e. input of scrap, coal, hot 
metal, slag formers, oxygen). These ranges of coefficients correspond to fitting parameters of 
linear regression models as proposed by Kohle. As a result, hints for further refinements of 
the Kohle statistical model of electric energy demand are given. 
Introduction 
Objectives of technical improvements of electric arc furnace (EAF) technology in steelmaking 
are minimum specific electric energy demand, minimum electrode material consumption, and 
most important increase of productivity. Significant improvements of the EAF process during 
the last 4 decades are shown in figure 1. At modern EAF tap-to-tap time arrived 30 minutes 
at most favourable production conditions, specific electric energy demand below 300 kWh/t, 
and electrode graphite consumption 0.9 to 1.3 kg/t depending on electrode diameter and AC 
or DC technology [1, 2]. With these premises the future share of EAF steel making on total 
steel production is forecasted at 40%. 
 
 

Year 

Fig. 1. Influence of various EAF process improvements on characteristic key data: tap-to-tap 
time, electric energy demand, and electrode graphite consumption [3]. 
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Of special interest for the EAF production process is the impact of mass and energy input to 
the electric energy demand, the productivity, and the production costs. Recent trends of 
prices for scrap and energy indicate the importance of models for optimizing the electric en-
ergy demand as function of process parameters, e.g. scrap, coal and oxygen input, gas 
burners, oxygen injectors etc. 
The large number of influencing factors to the specific electric energy demand is indicated in 
fig. 1 and it is shown in more detail in fig. 2. However, user friendly models of the electrical 
energy demand of the EAF process require the reduction of high complexity of interrelations 
between electric energy demand and process parameters. 
For this purpose, empirical models are based on linear regression of large process data sets. 
With these models the change of electric energy demand is estimated when process pa-
rameter are changed, e.g. substitution of scrap with direct reduced iron (DRI) or the use of 
gas burners in order to substitute electric energy with chemical energy. Similar models exist 
to determine the consumption of electrode graphite material [5, 6]. 

 
Fig. 2: Influence of various process parameters to the electric energy demand of EAF [4] 

In this paper, we investigate empirical models to determine the EAF electric energy demand 
from Kohle [5-7, 9], Adams et al. [13, 14], Jones [18, 19] and compare these models with a 
thermodynamic analysis of the meltdown process in the EAF. The study is based on com-
plete mass and energy balances from various R&D projects with steel makers in Germany 
and on literature data. Feasible ranges for the correlation coefficients in the empirical models 
are presented. 

Empirical models of energy demand 
1999 S. Kohle published a linear relation to quantify the influence of various process parame-
ters to the electrical energy demand [8]. The regression analysis of data from 14 AC-EAFs 
with tapping weights from 64t to 147t without scrap preheating raised a linear equation of 
electrical energy demand. The comparison with data from AC and DC furnaces indicates, 
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that the model applies to both EAF types, i.e. concerning the relation between electrical en-
ergy demand and process parameters there seems to be no significant difference between 
these two EAF types [7]. The coefficients were derived with linear regression techniques from 
process data of various EAFs [8]. The change of model parameters, regression coefficients 
and additional terms for subsequent refinements of the model is shown in table 1. 

Table 1. Development of the Kohle model to determine the electric energy demand 

 
The linear model from 1992 was successively extended, verified and validated with an in-
creasingly comprehensive database comprising various EAF types with and without scrap 
preheating. The occurrence of process parameters and the regression coefficients change 
due to the increasing database. 
The first version of the regression model (eq. 1) [8] was supplemented with a term for post-
combustion of CO and H2 off-gases in the EAF vessel [11]. The input of hot metal, DRI and 
HBI was implemented to the model in 1999 (eq. 2) [7]. Also, the impact of the continuous or 
discontinuous mode of operation, i.e. operation during 24 h a day, on electric energy demand 
was incorporated with the particular factor CON [7]. For the modelling of the electric energy 
demand of a single 145t EAF without gas burner the model was modified and adapted to an 
extensive database of process data for single heats (eq. 3) [10]. At this EAF, scrap and Ni 
briquettes and Cr alloy material is charged for melting of stainless steel grades. The most 
recent version of the model (eq. 4) is based on a huge database comprising mean values 
from 60 EAFs, 5500 heats from 5 EAFs, and monthly mean values of one EAF [9]. In eq. 4 
the input of shredder is considered as well as energy loss by furnace cooling system. 
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Adams and co-workers [13, 14] developed a similar model to estimate the specific total en-
ergy demand of the EAF process Wtot (table 2). Focus is set on various contributions to total 
energy demand of 92 furnaces running at more than 80t/h: electric and chemical energy. 
Process parameters as tapping temperature, tap-to-tap time, input of slag formers and 
shredder are not accounted for. In contrast to the Kohle model, the Adams model [14] takes 
into account input of oil and liquefied petrol gas by burners. It has to be noted that the Kohle 
model is referenced to the tapping weight GA whereas the Adams model is referenced to the 
input weight GE. 
Table 2. Development of the Adams model to determine the total energy demand 

 
 
 
 
 
 
 

 

 

Efficiency factors of energy transfer 
The assessment of energy transfer of the meltdown process requires the definition of an effi-
ciency factor, "HN. The efficiency factor is defined as quotient of useful energy Euse to supplied 
energy Esup for a certain period (eq. 7). 

 

The considered time interval includes the periods that are characteristic for batch processes: 
starting time, idle time and ending time. At EAF steelmaking the enthalpy of tapped steel de-
notes the useful energy in eq. 7 [4]: 

 
The proposed definition of the efficiency factor considers various sources of energy: electric 
energy as well as scrap preheating, gas burners, post-combustion of off-gas in the furnace, 
combustion of electrode graphite and coal, and energy released from oxidation reactions in 
the melt and slag. At conventional furnaces, the efficiency factor ηNEAF ranges from 50 % to 
60 %. The highest value of ηN,EAF was reported for a finger shaft furnace with integrated 
scrap preheating [2]: ηN,EAF = 67 %. In this case, the supplemental energy demand for post-
combustion and treatment of off-gas is not considered. Fig. 3 shows the energy balance of a 
75t EAF based on 24 heats of austenitic stainless steel grade with a efficiency factor of 
%I,EAF = 50.8%[16]. 
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Fig,3, Energy balance of a 75t EAF based on 24 heats of austenitic stainless steel grade [16] 

During the transport of electric energy from the high voltage network to the electric arc ohmic 
losses occur in the high current system comprising transformer, supply lines and connectors, 
electrode carriers, and electrodes. The efficiency of transfer of electric energy in the high 
current system ranges from ηe] = 90% to 95% [17]. 

 

 
 
 

The transfer of energy from various sources to the scrap and to the melt depend on time 
and place of energy supply at the EAF process, on properties of foaming slag and on 
specific surface of scrap fraction. The corresponding thermal efficiency factor ηarc from 
electric arc to scrap and melt depends on specific surface of scrap fraction and 
performance of foaming slag. 
 

 

 
 
 

At the beginning of the meltdown period, low arc voltage and short electric arcs are 
used to avoid short circuit to the EAF cover and to the EAF wall panels. After the boring 
period the electric arc is shielded with scrap. Using high arc voltage and long electric 
arcs thermal efficiency factors from ηarc = 88 % to 92 % are achieved [18]. After 
meltdown of the scrap pile, the thermal efficiency factor range from ηarc = 36 % to 93 % 
depending on efficient shielding of the electric arc by scrap, melt and slag [28]. The total 
efficiency factor of electric energy transfer to the melt, ηe| ηarc, ranges from 60 % to 80 %. 
Fig. 4 illustrates the influence of foaming slag to the efficiency factor of energy transfer 
from electric arc to melt [28]. 



 
Fig.4. Influence of foaming slag to the efficiency factor of energy transfer from electric arc to melt 
[28] 

The decrease of specific electric energy demand by increase of chemical energy input is 
usually called "substitution". However, various sources of energy are applied simultaneously. 
Considering the successive transformation of electric energy from the power supply to the electric 
arc and to the melt, the amount of effectively transferred electric energy to the scrap and to the 
melt is ηelηarc ∆eel. The chemical energy ∆hi that substitutes electric energy has to be weighed with 
a corresponding efficiency factor of energy transfer to the melt, ηi in eq.11: 

 

 
The right hand side of eq. 11 denotes that the substituting energy ∆hi is bounded in a similar 
manner as the electric energy to a thermal efficiency factor of the energy transfer to the scrap and 
melt. The effective substitution of electric energy from different sources ∆hi e.g. oxy-fuel burner, 
post-combustion of off-gas in the furnace, scrap preheating, exothermal reactions in the melt, is 
defined by the corresponding thermal efficiency factors ηi : 

 

Ranges for thermal efficiency factors of various energy sources at the electric arc furnace are 
summarized in table 3. The efficiency factors for gas burners and post-combustion of off-gas in the 
furnace decrease drastically with decreasing specific surface of the scrap pile below the values 
that are given in table 3. 

EEC 2005 Birmingham, 9-11.05.2005 
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Table 3: Thermal efficiency factors for various sources of energy from the literature  
Energy source Efficiency factor of energy transfer Abbreviation [%] Source 

Total energy Efficiency factor ηN. EAF 50-67 [2] [17] 
Efficiency factor of high current system ηel 90-95 [17] 

Thermal efficiency factor of electric arc ηarc 36-93 [29] 

Electric energy 

Total efficiency factor of electric energy ηel ηarc 60-80  

Oxygen lances Efficiency factor of oxygen injection ηL 70-80 [13] 

Oxy-fuel burner Efficiency factor of oxy-fuel burners ηG 50-60 [19] 

Post-combustion of 
off-gas in EAF 

Efficiency factor of post-combustion ηPC 30-50 [13] [22] 

Choice of system boundary 

The energy balance of the meltdown process in the EAF is based on the 1st law of thermody-
namics: conservation of energy. With the assumption, that the average energy content of the 
EAF remains constant, the balance of energy flow to and from the EAF is (eq. 13): 

 

 
Fig. 5. System boundary for energy balance of the EAF process 

If the system boundary for EAF energy balance is chosen as shown in fig. 5, the required energy for 
fans of the dedusting system, the energy for subsequent ladle furnace, the energy for scrap preheating, 
and the energy for post-combustion and heat treatment of off-gas in the dedusting system is not 
considered. The measurement of the electric energy of a heat is usually carried out before the 
transformer. Electric losses at the high current system (transformer, power supply line, electrode 
carriers, and electrodes) lead to an efficiency factor for the transport of electric energy from power 
supply to the electric arc in eq. 13: r|el Eel. Using the system boundary from fig. 5 energy transfer for 
melting scrap in the EAF is considered with all relevant mass and energy flow paths. 
[15] considers off-gas enthalpy before and after post-combustion and cooling of hot off-gas. In the 
latter case, the system boundary is extended to water cooled hot gas line of primary 
 

 
 

Fig. 5. System boundary for energy balance of the EAF process 

If the system boundary for EAF energy balance is chosen as shown in fig. 5, the required 
energy for fans of the dedusting system, the energy for subsequent ladle furnace, the energy 
for scrap preheating, and the energy for post-combustion and heat treatment of off-gas in the 
dedusting system is not considered. The measurement of the electric energy of a heat is 
usually carried out before the transformer. Electric losses at the high current system (trans-
former, power supply line, electrode carriers, and electrodes) lead to an efficiency factor for 
the transport of electric energy from power supply to the electric arc in eq. 13: ηel Eel. Using 
the system boundary from fig. 5 energy transfer for melting scrap in the EAF is considered 
with all relevant mass and energy flow paths. 
[15] considers off-gas enthalpy before and after post-combustion and cooling of hot off-gas. 
In the latter case, the system boundary is extended to water cooled hot gas line of primary 
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dedusting system. After the water cooled hot gas line, the off-gas enthalpy is decreased and 
the energy flow rate of the cooling system including EAF wall panels, roof, elbow, and hot 
gas line is increased [15]. 

Minimum demand of specific electric energy 
Using the system boundary no. 1 in fig. 5, the electric energy demand is easily determined 
from eq. 13: 

 

The electric energy demand is increased with energy losses to slag, off-gas and cooling sys-
tem, and it is decreased with input of chemical energy and hot metal.  
From eq. 14, the minimum value of the electric energy demand for scrap melting is deter-
mined, in analogy to the constant factor in the regression models, eq. 1 to eq. 4. A low al-
loyed steel melt requires a specific enthalpy of ∆hsteel = 361 kWh/t for heating from 20 °C to 
1600 °C [20], which is used as reference temperature in the regression model (eq. 1 to eq. 
4). The specific enthalpy ∆hsteel = 372 kWh/t is designated to a high alloyed Cr-Ni stainless 
steel melt at 1600 °C [20]. The minimum electric energy demand for scrap melting and su-
perheating of melt to 1600 °C without other sources of energy is therefore: 

 

where the efficiency factor of the electric system is ηel = 0.90 to 0.95 [17]. Because electric 
efficiency is high at modem furnaces, r|ei = 0.95, ∆hsteel / ηel  = 380 kWh/t for low alloyed steel 
melts and  ∆hsteel / ηel  = 391 kWh/t for alloyed steel melts. At low electric efficiency factors, 
∆hsteel / ηel  increases to 413 kWh/t. The minimum electric energy demand at a reference tem-
perature T = 1600 °C corresponds to the constant values KK in the Kohle models (eq.1 to eq. 
4). The regression coefficient KK changed from KK = 300 kWh/t (eq. 1) to KK = 375 kWh/t (eq. 
4), that is still below the estimated range. At the single furnace model (eq. 3) without oxy-fuel 
burner KK = 391 kWh/t agrees very well with the estimated value for Cr-Ni stainless steel pro-
duction. 

Specific ferrous material input 
Steel scrap is the ideal material for recycling, because it is recycled to arbitrary extend with-
out loss of quality. However, scrap contains non-ferrous metals, oxides, coatings, grease, oil, 
water and other impurities. The coefficient of specific input of ferrous material considers the 
amount of specific electric energy that is required for vaporization, oxidation and phase sepa-
ration of the impurities (GE/GA-1) from the ferrous melt. The yield of metallic material usually 
ranges from 86 % to 92 % [12, 13]. The additional energy, that is required to heat up yield 
loss to reference temperature, is estimated with a mass and energy balance of the vaporized 
and oxidized components and the assumption that the average heel remains constant [21]. 
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The enthalpy of non-ferrous oxide impurities at 1600 °C is determined from slag enthalpies 
with typical composition. CaO and MgO input from slag formers and erosion of refractory 
lining is not considered for this term (see chapter about slag formers). The specific mass of 
dust varies from 10 to 25 kg/t [26]. Analysis of dust composition shows that 80 % to 90 % 
comes from the non-ferrous gangue of input metallic material. The enthalpy of dust is calcu-
lated for a mean off-gas temperature from 900 °C to 1200 °C [20]. The specific mass of wa-
ter, oil and grease in the metallic input in eq. 9 is neglected due to lack of precise data: mH20 
= moil = 0. Therefore, the specific energy of metallic yield loss at off-gas temperature is esti-
mated to a lower bound of: 

The corresponding specific electric energy demand for metallic yield loss considers the effi-
ciency factors T|ei and r|arc from table 3: 

The specific electric energy demand of metallic yield loss is determined by the regression 
models to: 

The coefficient of the specific metallic input was adjusted from KE = 900 (eq. 1) to KE = 400 
(eq. 4). In eq. 3 the coefficient is set to KE = 450 for stainless steel making with the particular 
EAR When compared to the calculated range, only the regression coefficient of eq. 1 is 
within the estimated range, subsequently refined values are lower. However, precise deter-
mination of the specific electric energy demand of metallic yield loss is difficult due to varying 
mass, composition of impurities (varying values for metallic yield) and due to varying tem-
perature and distribution of the volatiles and oxide losses to gas, slag and dust. 

Slag formers 

Slag formers are added to the metallic input as 25 kg/t to 50 kg/t lime or lime-dolomite mix-
ture with a ratio CaO to MgO from 4:1 to 5:1 [17]. In rare cases, limestone CaCO3 is charged 
in order to increase CO/CO2 gas production and melt stirring [16]. On the other hand, calci-
nation of limestone requires energy: 500 kWh/tCaco3 or 890 kWh/tcao  The specific enthalpy of 
pure CaO or pure MgO at 1600 °C is AhCao = 416 kWh/tCao and AhMgO = 550 kWh/tMgo, respectively 
(∆hCaco3 = 733 kWh/tcao) [20]. The specific energy that is required to heat slag formers at a 
CaO : MgO ratio of 5:1 to 1600 °C is ∆hCaO/Mgo = 438 kWh/tcao/mgo- When solution enthalpy in 
the silicate slag phase and formation enthalpy of silicates is not considered, the 
corresponding specific electric energy is: 

  
SiO2 from oxidation reactions or from refractory linings is bounded as calcium and magne-
sium silicates. The exothermic reaction enthalpy of silicate formation is considered in com-
plete energy balances only in few cases, e.g. [27]. 
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The reaction enthalpy of silicate formation is ∆rhCao/Mgo = -297 kWh/tcaO/Mgo at a CaO : MgO 
ratio of 5:1. The thermal efficiency factor of the energy transfer from the exothermic silicate 
formation reaction in the slag phase to liquid steel is estimated to ηr = 50 %. When the reac-
tion enthalpy of the silicates is considered, the specific electric energy demand for melting 
the slag formers is determined to: 

The specific electric energy demand that is assigned to the slag formers is considered in the 
regression models (eq. 1 to eq. 4) with the following term: 
 

The model coefficient of slag formers to the specific electric energy demand decreased from 
Kz = 1600 (eq. 1) to Kz = 1000 (eq. 4), Kz - 800 in the model of a single EAF (eq. 3). All re-
gression coefficients are remarkably higher than the estimated range of ∆eei,z = 548 
kWh/tcao/Mgo to 730 kWh/tcao/wgo and 373 kWh/tCao/Mgo to 498 kWh/tcao/Mgo when the reaction 
exothermic enthalpy of the silicates is taken into account. 
However, considering the use of a mixture of 70 % limestone, 20% lime and 10% dolomite 
[16], ∆hCaco3/cao/Mgo = 651 kWh/t is required for heating the slag formers to 1600 °C, and 502 
kWh/t if formation enthalpy of silicates is taken into account. The estimated range for the in-
crease of the electric energy demand is: ∆hCao/Mgo/caco3 / ηel ηarc = 628 to 837 kWh/t. The es-
timated range for a mixture of limestone, lime and dolomite is in close agreement to the re-
gression coefficient in eq. 3 for the particular EAF: 800 kWh/t. 

Tapping temperature 
Tapping temperatures of liquid steel range between 1550 °C and 1750 °C depending on pro-
duction specifications and requirements of ladle metallurgy at the steel plants. Fig. 6 shows 
the specific enthalpy of a non-alloyed steel melt and of a highly alloyed Cr-Ni stainless steel 
melt as function of tapping temperature [20]. 
The almost linear development of enthalpies for both steel grades show the constant slope of 
∆h(TA)/ ∆TA = 0.23 kWh/Kt. The change in specific electric energy demand with superheating 
of the melt above 1600 °C is: 
 

The correlation of specific electric energy demand with tapping temperature is determined by 

Jones [13] to ∆eelTA = 0.24 
kwt

  and by Memoli etal. [25]  to ∆eelTA = 0.40 
kwt 

            kt        kt
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Fig. 6. Specific enthalpies of an unalloyed steel melt and of a Cr-Ni stainless steel melt  
The regression coefficients in the statistical models of Kohle are determined to: 

 

The regressed values for the influence of the tapping temperature were adjusted from 
KT = 0.7 (eq. 1) to KT = 0.3 (eq. 4) and to KT = 0.35 in the special model for one stainless 
steel EAF (eq. 3). The latter values are in good agreement with the estimated ranges of this 
study (eq. 24). Concerning the adjusted value of KT = 0.35 for single EAF (eq. 3), it is noted 
that the mean tapping temperature for the corresponding EAF is very close to reference tem-
perature 1600 °C (temperature in ladle after tapping 1550°C [15]), i.e. correlation between 
the superheating term (eq. 25) and electric energy demand is rather small. 

Tap-to-tap time 
Tap-to-tap time (∆tc = ts + tN) has influence on the specific electric energy demand by all en-
ergy sinks of the EAF process that depend on time: off-gas volume flow rate, dust mass flow 
rate, water cooling system of the furnace and heat radiation. The corresponding term applies 
in eq, 1 to eq. 4 in cases where power-off time tN decreases overall EAF energy efficiency 
TIN.EAF but not particular efficiency factors of energy sources in table 3. The time dependency 
of the electric energy demand is determined by derivation of eq. 7 after time, eq. 26: 
 
 
 

In eq. 26, the time dependency of the specific electric energy demand to incoming energy 
flow rates as well as to outgoing energy flow rates is obvious. If preheated scrap is continu-
ously charged to the furnace, an additional term applies to eq. 26. By evaluation of measured 
energy flow rates and energy balances from 4 furnaces with tapping weights between 70 t 
and 150 t the time dependency of the specific electric energy demand was estimated to 
Aeel∆t/∆tc = 0.8 to 1.3 kWh/tmin [21]. In [13], the influence of tap-to-tap-time to the specific 



EEC 2005 Birmingham, 9-11.05.2005 12 

electric energy demand is reported as AeeUt/At = 0.4 kWh/tmin at the beginning of the melt-
down process and to Aeei,At/At = 1.7 kWh/tmin before tapping. This indicates an important 
difference in the impact of the period of interruption on the electric energy demand, whether 
the time-out is required at the beginning or at the end of the melting process. The regression 
models from Kohle (eq. 1 to eq. 4) quantify the influence of tap-to-tap time as: 

 

This value agrees well with the estimated range from 0.8 to 1.3 kWh/tmin [21] in this study 
and with the range reported in [13]. For the energy model of the single EAF (eq. 3), the re-
fined coefficient is significantly smaller, 0.43 kWh/tmin, indicating smaller effect of heat time 
to electric energy demand. 

Use of gas burner 
Oxy-fuel burners are applied at the EAF to achieve a thermal symmetry in the furnace, to 
reduce the time of scrap melting and to decrease the electric energy demand. Usually, gas 
burners are active during the first 5 to 15 minutes after charging, because the efficiency of 
heat transfer to the scrap pile decreases drastically with increasing metal temperature. 
Chemical energy of commercially available fuel gases ranges from huG = 9.3 kWh/m3 to 
hu.G = 10.7 kWh/m3 (10.5 kWh/m3 in eqs. 5 and 6). With the thermal efficiency factors in table 3 
(ηG = 50 % to 60 %, ηel ηarc  = 60 % to 80 %), the efficiency of substitution of electric energy by 
chemical energy released from combustion of fuel gas is computed, eq. 28: 
 

 

Considering higher efficiency factors for energy transfer from burner and electric arc to 
scrap and melt due to the cold scrap pile after charging, ηG = 75 % to 85 %, ηel ηarc   = 85 % 
to 95 %, ∆eel,G = 7.3 to 10.7 kWh/m3 G follows [17]. Following the regression models (eq. 1 to 
eq. 4) the use of oxy-fuel gas burners decreases the specific electric energy demand: 

    
The regression coefficient KG = -8 agrees well with the computed ranges in eq. 28 and in 
[17]. The reduction of tap-to-tap-time (ts+tN) by use of oxy-fuel burners is taken into account 
with the corresponding term Kt in eq. 1 to eq. 4. 

Oxygen injection by lances 
Oxygen is injected into the furnace by lances in order to cut the solid scrap, for decarburiza-
tion of the metal liquid, to generate foaming slag by combustion of coal and for combustion of 
coal additives. Alloy elements as P, Al, Si are subject to almost complete oxidation; C, Fe, 
Mn, Cr, Mo are oxidized at higher oxygen partial pressure. The released total energy from 
exothermal oxidation reactions depends on chemical composition of ferrous input material, 
on the mass of charged and injected coal, and on the composition of tapped steel. Total 
chemical energy input from oxidation reactions varies from 50 kWh/t to 300 kWh/t [e.g. 32]. 
Oxygen is provided by injectors, lances, and inflow of air. Reaction enthalpies of various oxi-
dation reactions in steel making are listed in table 4. Values in table 4 indicate effective reac-
tion enthalpies between 2.73 kWh/m3O2 (carbon) and 11.2 kWh/m3O2 (silicon) depending on 
composition of scrap and steel and lancing conditions. E.g., AhL = 6.6 kWh/m3O2 is nominally 
released when 1% C and 1% Si is oxidised in steel melt. Precise determination of AhL is 
difficult without considering actual chemical composition and temperature of the multi-
component melt. 
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In [13], the chemical energy that is released by injection of 25 m3/t oxygen into a 100 tEAF is 
estimated with a realistic mean value: ∆hL = 5.2 kWh/m3O2 (in eqs. 5 and 6). Substitution of 
electric energy by chemical energy from oxidation reactions, i.e. ∆hL = 5.2 kWh/m3O2 [13], is 
controlled with efficiency factors as given in table 3 (rjL = 70 % to 80 %, ηel ηarc = 60 % to 80 % 
 
 

A similar study on 20 EAFs in Japan indicated values for substitution of electric energy from 
Aeei,L =-4.7 kWh/m3O2 to -6.8 kWh/m3O2 [13]. Memoli et al. [25] determined a substitution 
capacity of Aeei)L = 3.2 kWh/m3O2. Regression models from Kohle discriminates injected oxygen 
for lances, burner and post combustion injectors (eq. 1 to eq. 4). From the regression 
analysis of Kohle (eq. 1 to eq. 4), the corresponding value for substituting electric energy by 
injection of oxygen is: 

       

The regression coefficient KL = -4.3 is in the given range of our study. K|_ = -2.1 is remarkably 
lower for the single EAF (eq. 3) than for the general model (eq. 4) indicating a considerably 
lower efficiency of oxygen injection (even lower than KpC = -2.8 for post-combustion). There 
is evidence that the addition and combustion of coal additives with oxygen has very little ef-
fect on electric energy demand (probably due to the positive mixing enthalpy of carbon in 
steel melt). 
As carbon dioxide is not stable in liquid steel, chemical energy from the CO to CO2 oxidation 
reaction does not contribute to the substitution of electric energy but increases chemical en-
ergy flow rate of off-gas. If chemical energy flow rate of CO gas is not considered as energy 
loss to off-gas, e.g. in [13], chemical energy input from oxidation of carbon and total energy 
demand is estimated at lower values. However, injection of oxygen for efficient post-
combustion in the EAF vessel may decrease electric energy demand. 

Table 4. Exothermic oxidation reaction at decarburization and refining of the melt [17, 20] 
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Injection of oxygen for post-combustion in the EAF 
The objective of post-combustion of CO and H2 gas component inside the furnace is to pro-
vide released reaction enthalpy of the oxidation for melting the scrap in the EAF. Reaction 
enthalpies of the oxidation reactions of CO and H2 is ArhCo= -7.01 kWh/m3O2 and ArhH2= -5.99 
kWh/m3O2, respectively. Besides oxygen input by post-combustion injectors, oxygen in 
excess from oxy-fuel burners accounts for effective post-combustion in the EAF. The re-
leased reaction enthalpy from post-combustion of off-gas containing, e.g., 25% CO and 10% 
H2 [15] is: 
 
 

 
As most of the post-combustion takes place above the scrap pile and the liquid metal cov-
ered with a slag layer, the thermal efficiency factor of the energy transfer from gas phase to 
scrap and melt is below ηPC = 50 % [13]. In [22] the maximum thermal efficiency factor is es-
timated to ηPC = 65 % when cold scrap pile is present and down to 20 % to 30 % when post-
combustion occurs above foaming slag. We estimate the substitution effect of post-
combustion to electric energy with an average thermal efficiency factor between ηPC  = 30 % 
and 50 % and efficiency factors 60 % ηel ηarc  < 80 % from table 3: 
 

The decrease of the specific electric energy demand by post-combustion of off-gases in the 
EAF was reported to ∆eel,N= -3.1 kWh/m3O2 maximum [14]. The regression coefficient from 
Kohle (eq.4) is: 

 

 

The regression coefficient of the specific oxygen input for post-combustion in the furnace 
agrees well with the estimated range of this study (eq. 33). 

Input of Direct Reduced Iron (DRI) and Hot Briquetted Iron (HBI) 
DRI and HBI are increasingly used as input material besides scrap at the EAF. The driving 
force behind this development is the increase of EAF steel production that increases the de-
mand for high quality scrap. If low quality scrap is used for EAF steel making, unwanted 
tramp elements in scrap have to be diluted with highly pure input material. Chemical and 
physical properties of DRI and HBI may significantly vary due to distinct production technolo-
gies, due to various resources of ore with different composition, gangue materials, and de-
grees of metallization. Table 5 shows the ranges of published chemical compositions of DRI. 
Table 5. Chemical and physical properties of DRI [21] 

 

Degree of Fetotal Carbon Gangue Material 
metallization [%] [%] [%] acidic [%] basic [%] 

85-96  86-95  0.1 
5 0

0.7-6.0 0.2 - 4.8 

In order to calculate the specific energy demand of DRI and HBI input the reaction enthalpy 
of the reduction of iron oxide with carbon of DRI/HBI has to be considered as well as the 
temperature TDRI/HBI of hot DRI or HBI input (eq. 35). It is assumed that the iron oxides that is 
not reduced internally with carbon remains in slag decreasing the metallic yield of the 
DRI/HBI reduction: 

 



EEC 2005 Birmingham, 9-11.05.2005 15 
 
 

 
where the enthalpy ∆hDRi/HBi of the mixture is computed from the metallic and oxide components 
of DRI/HBI: 
 

When considering the effects of DRI/HBI addition to the energy balance of the EAF process, 
it must be noted that with DRI/HBI the addition of slag formers will increase and the yield of 
ferrous input material will decrease. Basic slag formers are added with a ratio of 2.5 : 1 to the 
acidic gangue materials of DRI/HBI. The change of specific energy demand with addition of 
DRI/HBI is calculated as, eq. 37: 

 

 
The change of electric energy demand when scrap is substituted with DRI/HBI does not only 
depend on chemical and physical properties of DRI/HBI (i.e. chemical composition, degree of 
metallization, temperature) but also on chemical and physical properties of the substituted 
scrap (e.g. size, specific surface, chemical impurities). Low quality of scrap causes low val-
ues of metallic yield and higher input of slag formers for compensation. The change of spe-
cific electric energy demand with input of DRI/HBI at 25 °C varies according to ranges in ta-
ble 5 [21]: 
 

 
This value is compared to the regression coefficient in eq. 4 corresponding to input of 
DRI/HBI: 

The large computed range of values in eq. 38 indicates that the regression coefficient in eq. 
39 has to be adjusted to the chemical composition and temperature of DRI/HBI used at the 
specific EAF. 

Input of shredder 
The decrease of specific electric energy demand with input of shredder is explained with an 
increased melting rate of shredder due to the high specific surface. The influence of different 
sorts of scrap and their mixture on the electric energy demand was studied with a regression 
model based on 2894 heats [23]. The difference between the average of all sorts of scrap 
and the shredder ranges from ∆eShr = -58 kWh/tScrap to -82 kWh/tscrap [23]. [24] reported a 
difference of ∆eShr = -68 kWh/tScrap  However, this value depends on purity of shredder, on 
total input mass of shredder, on the scrap mix, on the distribution of shredder to the charging 
buckets. [29] assessed the influence of various scrap mixtures on EAF cost balance and re-
ported reduction of electric energy demand from 382 kWh/tScrap  for steel scrap to 350 
kWh/tScrap for pure shredder or chippings, ∆eShr = -32 kWh/tScrap  - Thus, the reduction of electric 
energy demand by use of shredder ranges from -32 kWh/t to -82 kWh/t. Following the 
regression model from Kohle (eq.4), the specific electric energy demand decreases with the 
input of shredder: 
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When comparing the regression coefficient in eq. 10 with the reported values electric of en-
ergy reduction, it has to be taken into account that the regression coefficient is KShr related to 
tapping weight. Using values for yield from 86 % to 92 % [12, 13], Kshr = 50 kWh/tscrap in eq. 40 
corresponds to -54 kWh/tscrap to -58 kWh/tscrap The regression coefficient for the input of 
shredder in eq. 40 agrees well the reported values from [23], [24] and [29]. By implementa-
tion of a more sophisticated model of scrap type input as suggested by [23, 24] the regres-
sion model (eq. 4) may be applicable in more detail to EAF steel making. 

Input of hot metal 
The use of hot metal causes a dilution of unwanted tramp elements from scrap input material 
and decreases the specific electric energy demand with an increased enthalpy of input mate-
rial. Hot metal is usually charged to the EAF at 1150 °C to 1350 °C [14]. At temperatures be-
tween 1150 °C and 1350°C the enthalpy of hot metal ranges from 255 kWh/tHM to 
301 kWh/tHM (Fig. 7). The change of specific electric energy demand with use of hot metal is 
therefore calculated with efficiency factors 60 % < ηel ηarc < 80 % from table 3, eq. 41: 

 

Fig. 7. Enthalpy of hot metal as function of temperature [20] 

Because the use of hot metal grants EAF operation with high share of liquid phase, foaming 
slag technology is always applied and, consequently, ηel ηarc close to the upper bound near 
0.8 is presumed. Input temperature of hot metal is also important for decrease of electric en-
ergy demand. Common input temperatures are near the lower bound of temperature range. 
The statistical model of Kohle (eq. 4) considers the input of hot metal with the following term, 
eq. 42: 
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This regression value KHM = 350 is in good agreements with the lower bound of values for 
substitution of electric energy by use of hot metal (eq. 42), i.e. high efficiency of the energy 
transfer from arc to melt is indicated. KHM = 350 agrees very well with heat data with varying 
share of hot metal input [17, 31]. The regression model may be applied with higher accuracy 
if the temperature of hot metal input is included in the model. The additional influence on 
specific electric energy demand by additional chemical energy of hot metal is taken into ac-
count with the corresponding increase of oxygen input und reduction of tap-to-tap time. The 
input of pig iron is not considered in the model from Kohle [5, 7-9], but in the model from Ad-
ams, eq. 5 and eq. 6, [13-14]. Kohle considers pig iron as ferrous input with favourable im-
pact on electric energy demand completely modelled with higher input of oxygen. 

Water cooling of the EAF shell 
Using measured data of temperature and volume flow rates of cooling water the energy flow 
rate at EAF wall, EAF cover and at the off-gas cooling system was determined for 4 EAFs. 
These data lead to the incorporation of an additional term for EAF cooling system into the 
Kohle regression formula (eq. 4): 
 
 

 

NV is a specific furnace factor that ranges from 0.2 to 0.4. Wv denotes the measured specific 
heat flow to the cooling system of the EAF per heat in kWh/t. The concept of this study using 
weighing efficiency factors of energy transfer to the melt, ηi < 1, considers a priori all energy 
losses to off-gas, slag and cooling system. Therefore, the term for water cooling is redundant 
and must not included to eq. 4 from a thermodynamic point of view of the system as shown 
in fig. 5. However, differences of process parameters and EAF equipment from EAF to EAF 
the thermal efficiency values ηi in table 3 may vary to a significant extent. In this case, NV 
may represent a correcting factor of all other regression coefficients for each furnace. 

Conclusion 
Based on complete mass and energy balances of the EAF process and data from the litera-
ture, the influence of various input materials (scrap, shredder, slag formers, DRI, HBI hot 
metal) and process parameters (e.g. oxygen injection, tap-to-tap time, tapping temperature) 
on the specific electric energy demand is studied. Resulting correlation coefficients are com-
pared to regression coefficients that were derived by linear regression of comprehensive 
datasets of EAF heat data from Kohle, and Adams. The overall good agreements between 
estimated ranges of values and refined values from regression analysis confirm the linear 
approach of the models from Kohle and the correct choice of most of the EAF parameters. 
For some terms, the refined coefficients differ from the thermodynamic estimations. E.g., the 
influence of slag formers on electric energy demand is estimated to higher values from linear 
regression to operation data than from thermodynamic calculations. In contrary, the com-
puted influence of yield loss (non-ferrous input with scrap etc.) is lower for the regression 
analysis than for the thermodynamic calculations. For other terms further refinements are 
suggested for future adjustments and higher precision of the model, e.g. scrap grades and 
input temperature of hot metal. As some important factors are related to tapping weight, 
which is related to the remains and heel, the regression models applies to average values for 
a number of heats, but not to single heats. On the other hand, the values of regression coef-
ficients depend on the particular entries of the database. Standard deviation for single heats 
is 25 kWh/t and 10 kWh/t for average values [9]. The comparison of calculated values from a 
thermodynamic analysis of energy transfer with the regression coefficients is summarized in 
table 6. 
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1  Single-phase equivalent circuit diagram 

The electrical behavior of AC furnaces is dependent on the transformer voltages, the geomet-
ric arrangement of the high-current conductors and the resulting reactance's. For the purpose 
of simplification, the equivalent circuit diagram for an AC EAF shall first be derived from a 
single-phase electric arc furnace with an assumed bottom electrode, figure la. This case is 
identical with the balanced AC operation that will be dealt with later. 

The transformer voltage uStr compromises by the electric arc voltage uB, the voltage drop uV, at 
the ohmic resistance of the circuit Rv and the voltage uL induced to the self-inductance L of 
the current loop 1-M by the magnetic alternating field (figure lb). According to Kirchhoffs 
voltage law, the relationship between the currents and voltages can be described by the fol-
lowing differential equation: 

 

 
Figure 1:   Single-phase AC furnace with bottom electrode. Circuit layout (a), equivalent 

circuit (b) and simplified linearized equivalent circuit (c) 



 
Figure 2:   Time records of arc voltage uB, current i and transformer phase voltage uStr in a 

single-phase circuit with arc, after moving the electrode 
a. short circuit uB = 0, current maximum 
b. low arc voltage 
c. middle value of arc voltage 
d. high value of arc voltage 
e. stability threshold 

f. idle mode, i = 0, maximum arc voltage uB = uStr

2
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Figure 2 shows the development of the arc voltage uB, current i and phase voltage uStr during 
different operating stages in a single-phase circuit containing one electric arc: 

Figure 2a: Diving the electrode in the molten bath causes a short circuit uB = 0. The short-
circuit current i is maximum, completely sinusoidal and lags behind the voltage by al-
most,  900.  

Figure 2b: Upon removal of the electrode from the bath, an electric arc is ignited. The arc 
voltage is non-sinusoidal and in phase with the current. 

Figures 2c, d:  The current i and the phase angle (p between the phase voltage uStr and the arc 
voltage uB decrease with increasing arc voltage uB. At the same time arc voltage fluctuations 
occur, arcing is becoming more erratic. 

Figure 2e: Beyond a certain arc length, stable arcing is no longer possible. Ignition some-
times takes place at a considerable delay. The stability threshold is reached. 

Figure 2f: If the arc length is further increased, the electric arc extinguishes. As i = 0, 
uStr =  uB The furnace runs in the idle mode (power off). 

Figure 2 shows that currents and voltages in circuits containing electric arcs are non-
sinusoidal and that their representation in the time domain is still quite confusing. 

For clarification purposes, in the following we will linearize the equivalent circuit diagram by 
replacing the non-linear characteristic of the electric arc by a linear, variable resistance RB 
(figure lc). In this way the electrical variables can be comfortably calculated by means ot the 
complex calculation and represented as complex phasors. 

However, for this simplification it must be considered that due to the non-sinusoidal arc volt-
age the current contains harmonics in addition to the fundamental 50 Hz oscillation. These 
harmonics cause an additional voltage drop at the inductor of the high-current system. Also 
the non-stationary behavior of the electric arcs causes variations in the electric parameters. 
Both effects lead to an increased operating reactance of the high-current system, primarily at 
the start of melting and with long electric arcs. This effect shall be neglected for the moment, 
but will be dealt with later on. 

The electric quantities from the linearized equivalent circuit diagram (figure lc) can be de-
scribed by means of the symbolic method which transfers the electrical quantities from the 
time domain to the complex domain, table 1. 

 

 

 

 

Table 1: Electrical quantities in the time and complex domain 
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At the same time, the mesh equation - above represented as a differential equation - becomes 
a complex equation from which the current I can be easily calculated: 
 
 
 
 
 
 
Z is the impedance of the electric circuit and  
 

X=uuL 

X the reactance, to uu is the angular velocity whose relationship with the frequency f is as 
follows: 

uu = 2 Πf 

The value of the impedance is 

 

and its phase is 

φ= arc tan X / ( RV  + RB ) 

For the furnace current I 

I   = UStr / Z  

the value for I is accordingly 

 

It lags behind the phase voltage by the above phase angle 

 φ = arc tan X / ( RV  +  RB )  

Figure 3 shows the respective vector diagram for all voltages and currents. This vector dia-
gram is a simpler representation of all voltages and currents than the line diagram in figure 2. 
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Figure 3:   Phasor diagram of voltages and current for a single-phase AC EAF 

2     Three-phase equivalent circuit diagram 

For the description of the AC electric arc furnaces a three-phase equivalent circuit diagram 
has proved useful, whose reactance's are defined by the magnetic coupling of the three high-
current loops from the outgoing transformer circuit. The equivalent circuit diagram consists of 
three phases, with the inductance, loss resistance and arc voltage source connected in series 
and star-connected in the neutral point 0 of the furnace vessel earth (figure 4a). 

 

Figure 4:   Equivalent circuit (a) and simplified linearized equivalent circuit (b) of the three-
phase arc furnace 

As in the alternating current furnace there is no bottom electrode, the current coming in 
through one phase goes out through the other phases. Thus, 

i1 + i2 +  i3  = 0 . 
Changing the electric arc length in one phase thus leads to current changes in all phases. 
Therefore the currents are coupled. This coupling has negative effects on the electric behavior 
and the furnace control. 
The effective inductances of the high-current phases (figure 4a) are the mutual inductance's 
between two high-current loops each: 
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In figure 5 the term mutual inductance is derived using the magnetic flux linkage between 
two different electric circuits. The voltage induced into loop 1-2 is made up by two portions 
caused by the fictitious loop currents i13 and i23. The mutual inductance's thus have the same 
effect as concentrated self-inductance's L1 and L2  in phases 1 and 2 (figure 5c). 

 

Figure 5:   Induced voltages in the loop 1-2, caused by the current loops i13 (a), i23 (b) and by 
superposition (c) 

By introducing linear arc resistance's RB and operating reactance's X the equivalent circuit 
diagram of the AC furnace can be linearized in the same way as in the single-phase example, 
figure 4b. With the phase impedance's being 

Z1  =  RV1 +  RB1 + jX1  

Z2  =  RV2 +  RB2 + jX2 

Z3  =  RV31 +  RB3 + jX3  

 

the following equation system results for the phase-to-phase voltages: 

 U 12   =  I 1  Z 1  – I 2   Z 2 

 U 23   =  I 2  Z 2  – I 3   Z 3 

 U 31   =  I 3  Z 3  – I 1   Z 1 

The phase voltages of the furnace are defined as: 
 U 10   =  I 1  Z 1   

 U 20   =  I 2  Z 2   

 U 30   =  I 3  Z 3   
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3      Balanced furnace operation 

The electrically balanced operation of the furnace is of utmost importance, therefore this state 
should be tried to be achieved at all times during furnace operation. It is assumed that the re-
actance's, loss resistance's, arc lengths - i.e. the electric arc resistance's - are of the same mag-
nitude: 

X1  =  X2     =     X3  =  X  , 

RV1 = RV2  =  RV3 =  RV  , 

RB1  =  RB2   =  RB3  =  RB  , 

In this case also the impedance's of all phases are the same: 
 

Furthermore, the phase voltages are identical and smaller than the phase-to-phase voltages U 
by the factor v3 : 

Ul0 = U20 = U30 = UStr = U/ 3 . 

In the case of a balanced state the phase diagram shown in figure 6 represents the situation in 
the AC furnace. In all phases it shows the same states as in the single-phase furnace (fig-
ure 3). The only difference is the position of the potential 0 of the free neutral point in the 
middle of the triangle. 

 

Figure 6:   Phasor diagram of the electrically balanced AC arc furnace 

In the case of balanced state in all phases the currents are 
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The total apparent power 

 

consists of the reactive power of the EAF needed for the build-up and removal of the mag-
netic fields 

 

 

The relationship between these power types is shown in figure 7 

S2=P2+Q2.  

 

Figure 7:   Relationship between P, Q and S 

The active power results from the individual loss power values 

PV=3I2 RV   

and the plasma power of electric arcs 

PB=3I2 RB   

The power factor of the electric arc furnace 

    

and the active power 
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4     Unbalanced furnace operation 

The electrically unbalanced operation of the alternating current EAF is much more difficult to 
handle than the balanced one, see the paper of Dr. Kohle.tei the following we will discuss two 
typical operating situations that occur during the start of a heat. 

 

Figure 9:   Phasor diagram of the AC EAF in the two phase mode with I 3  = 0 

The first case describes the situation of the first electrode (phase 1) hitting the scrap when 
starting the boring period (figure 8). As there is no closed circuit, the free neutral point 0 of 
the furnace moves tcthe potential of the line conductor 1. As the furnace hearth is earthed, at 

Figure 8:   Phasor diagram of the AC EAF without currents, when electrode 1 hits the scrap



10 

the other two phases the line-to-line voltage is available as ignition voltage for the electric 
arcs. This facilitates the igniting process 

UB1 = 0,UB2=U12 =U,UB3=U3l=U. 

As soon as the second electrode (phase 2) hits the scrap, there is a closed circuit. The arcs 1 
and 2 ignite. This two-phase operation is illustrated in the phasor diagram in figure 9. The 
neutral point 0 is between the potentials 1 and 2. The phase voltage of each current-
conducting phase is half the phase-to-phase voltage. In the third, non-current-conducting 
phase the arc voltage corresponds to the height of the triangle of the phase-to-phase voltages. 

 

5      Electrical Balancing 

For electric arc furnaces with a conventional wall lining the "hot phase", i.e. premature lining 
wear in the vicinity of the electric arc, is an operating problem (figure 10). This is due to the 
fact that the distribution of the electric power in the furnace is very difficult to measure and 
the thermal wear pattern is also determined by non-electric effects, e.g. the position of the 
dust removal aperture in the roof. 

 
Figure 10: Unbalanced refractory wear with hot and dead phase 

Unbalanced states of operation above all occur in electric arc furnaces with unbalanced reac-
tance's, e.g. in the case of a coplanar conductor arrangement. If in such furnaces with bal-
anced line voltages identical arc resistance's are set, this will lead to unbalanced phase cur-
rents. Whereas in a normal phase sequence 1-2-3, I1 is minimum (dead phase), I2 or I3  - de-
pending on the relationship between the active and reactive power - reach a maximum (sharp 
phase) (figure 10). The currents in the line conductors, I1 and I3, switch values in the case of 
an inversion of the phase sequence. Of the three variables current, active power and refractory 
factor only one at a time can be balanced through the electric arc length. The other variables 
inevitably remain unbalanced. Due to the unbalanced refractory factors, e.g. balanced currents 
inevitably result in unbalanced refractory wear. 
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The differences in reactance's in coplanar conductor systems can be balanced by rearranging 
them into a triangular form or installing additional reactance's. 

Active balancing entails the removal of the differences in reactance's by unbalanced line volt-
ages and the setting of balanced variables in the electric arcs. An electric balance can only be 
achieved if the setting of the working point is reliably monitored by high-precision measuring 
techniques. 

With balanced reactance's the electric balance of arc furnaces can be easily achieved: Setting 
identical furnace currents results in a balanced state of all electric variables. However, also 
in a state of balanced power unbalanced wear of the wall lining in the vicinity of an electrode 
can sometimes be observed. This is due to the fact that the thermal pattern of an electric arc 
furnace does not fully conform with the power distribution. 
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1      Current locus diagram 

The relationship between the electric properties of the arc furnace and the arc resistance is 
described by the so-called circle diagram. Assuming that all phases are balanced the familiar 
single-phase equivalent circuit diagram can be used here (figure 1). 
 

Figure 2:   Linearized equivalent circuit of the single phase AC furnace 

Changing the arc resistance RB  changes the real part of the phase impedance Z: 

Z   =  RV + RB  + jX . 

The locus diagram, i.e. the geometric locus of all complex phasors Z as a function of the pa-
rameter RB , is thus a parallel line to the real axis (figure 2a). In a short circuit (RB = 0) Z is 
minimum, in the idle run (RB = ∞) it is maximum. The admittance locus diagram results 
from the inversion of the Z locus diagram. It is a semi-circle (figure 2b). 
 

Figure 2:   Locus curves of impedance Z and admittance Y 
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In the case of a constant furnace phase voltage, according to the ohmic law 

 
I  =  UStr / Z  =  UStr  .  Y  

the current locus diagram is identical with the admittance locus diagram. Thus the resulting 
current locus diagram is the familiar circle diagram of the AC electric arc furnace as shown 
in figure 3a, which for graphic reasons has been turned through 90° from the Y locus diagram. 

According to the circle diagram the value of the furnace current / and its lagging phase angle 
φ change in relation to the phase voltage when the arc resistance varies between RB = 0 and RB 
= ∞: In the ideal short circuit (RV + RB  = 0), there is a pure reactive current (φ = 90°) with a 
maximum current intensity / = UStr / X limited by the reactance. The real short circuit current 
during the dipping of the electrodes { RB = 0) is slightly lower than that of the ideal short 
circuit. With increasing arc length, i.e. growing arc resistance, the intensity of the current and 
the phase displacement between the current and the voltage decrease. At the apex of the circle 
the active resistance and the reactance arc identical (φ  = 45°). In the idle mode (RB = ∞) the 
current is zero. 

2      Power locus diagram 

The current can be split up into an active component I•cos φ in the direction of the reference 
voltage and a reactive component I –sin φ (figure 3b). Multiplying these components by the 
phase voltage, the y-axis of the circle diagram gives the progression of the active power P, 
the x-axis the progression of the reactive power Q and the distance from the origin the pro-
gression of the apparent power S (figure 3c). Multiplication by the factor 3 gives the progres-
sion of the power values of the overall three phase system. 

The point of maximum active power input of the electric arc is at the phase angle φ = 45° (cos 
φ = 0.707). In this point both the effective resistance and reactance, and the active and reactive 
power are equal. The short circuit line in figure 3c splits the active power up into the arc power 
P% and loss power Py The point of maximum arc power Pemax is thus attained at a power 
factor of cos φ >0.7. In the ideal short circuit the maximum reactive power corresponds to 
the circle diameter in figure 3c. 

 
Qmax   = 3 U2

Str  / X = U2 / X 
The maximum effective power corresponds to the radius and equals 

Pmax  = U2 / 2X 

According to this equation the maximum furnace power is determined by the furnace voltage 
U and the reactance X. The parameters of the power locus diagram are given in figure 4. 
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Figure 3:   Locus curve for the current (a), components of the current (b) and locus of the power 
(c) of an AC arc furnace 
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Figure 4:   Parameters of the power locus diagram 

3      Example 1: Power locus diagram of an AC EAF (ideal situation) 

In the following, we will draw a power locus diagram for an ideal furnace. We will first con-
sider an idealized situation which will later on be constantly modified by concrete data. 
 
The following data are given: 

Furnace transformer: Rated power SN = 75 MVA 
Phase to phase voltages:        10 steps:         Step 10: 600 V 
                                                                            Step 9: 560 V 

“ 
“ 
“ 

                                                         Stepl: 240 V 
Short-circuit   reactance   of  the   high- 
current circuit: X= 2.8 mΩ 

Short-circuit   resistance   of  the   high- 
current circuit: RV = 0.45 
mΩ 

We first calculate the maximum furnace power for the highest voltage step 10: 
 

 
 
 
Accordingly, the following data result for all voltage steps: 
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stufe   10 9 8 7 6 5 4 3 2 1 
phase to phase voltage/V 600 560 520 480 440 400 360 320 280 240 
max. active power/MW 64.29 56.0 48.29 41.14 34.57 28.57 23.14 18.29 14.0 10.29

We can now draw power locus curves with Pmax as the radius for the different voltage steps 
(figure 5). 

 

Figure 5:   Power locus curves of the AC EAF (example 1) 
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As at a constant reactance X the reactive power Q is proportional to the square of the current 

Q = 3 I2 X ~ I2 , 

 to a quadratic scale we can also plot the current along the x-axis. 

We also draw the lines φ = const or cos φ = const for cos φ = 0.9; 0.85; 0.8 ... 0.5. In a three-
phase short circuit the working point is on the short-circuit line which an be obtained as fol-
lows: 

 

Experience has shown that at phase angles φ < 30° or cos φ  > 0.87 stable arc furnace opera-
tion is no longer possible. 

The working range is determined by 6 limit curves, namely: 

1)  by the maximum current, that can be output by the furnace transformer, 

 

 
2) by the maximum apparent power of the furnace transformer of SN = 75 MVA 

(circle around the origin), 
3) by the maximum secondary phase to phase voltage of 600 V, 
4) by the stability threshold (cos φ > 0.87) , 
5) by the minimum secondary voltage of 240 V and 
6) by the short-circuit line cos φk = 0.16. 

We see that the maximum furnace power of 64.29 MW cannot be attained without overload-
ing the transformer both in terms of current and apparent power. We can only attain 61 MW 
in a specific working point with cos φ= 0.82. Approximately 10 MW are available as mini-
mum furnace power (for holding the temperature). 

Within the allowable working range we now select specific working points for different fur-
nace states. Electrode control uses these working points as target values which are to be ap-
proximated during furnace operation. 

4      Power diagram 

The active power P of the AC electric arc furnace is also frequently expressed in relation to 
the current / instead of the reactive power Q. The advantage being the fact that, contrary to the 
reactive power which is difficult to measure and not clearly defined under real operating con-
ditions, the current value / is an easily measurable process variable. 
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This diagram P = f (I), which in the following will be called power diagram, provides practi-
cally the same information as the previously described power locus diagram. Figure 6 shows 
the power diagram for example 1. 

 

Figure 6:   Power diagram for example 1: (ideal situation) 

5      Exercise example: Calculation of a working point 

We will now calculate the electrical parameters of the working point A in figure 6. According 
to the equivalent circuit diagram of the furnace in figure 7 we obtain: 

for the high-current circuit:       short-circuit reactance 
loss resistance 

X     =2.8mΩ 
Rv   = 0.45 mΩ

for the furnace transformer:       line-to-line voltage (step 10)     U   . = 600 V 
phase voltage UStr=U/ √3 

The ohmic law for the single-phase high-current circuit is: 
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In this equation two variables are unknown, namely, the current / (effect) and the electric arc 
resistance RB (cause). Therefore, we have to assume one of the two values in order to calculate 
the other: 

 

Figure 7:   Parameters of a single phase equivalent circuit diagram 

1st variant:     Assuming the "cause" = electric arc resistance RB =  4.6 m.Ω, 
calculating the "effect" I: 

 
1. phase voltage (cause) US tr=U/ √3 =  

2. impedance (cause) Z = √x2 + (RV+RB)2 =
3. current (effect) I = US tr  / z =
4. arc voltage UB=I . RB = 
5. voltage at the loss resistance UV =I . RV =
6. active voltage UV + UB = 
7. total arc power PB =3I2RB = 

8. total loss power PV =3I2 RV = 

9. total active power P = PB + PV  = 
10. electrical efficiency ηel = PB / P = 
11. total apparent power S =  √3 U I   = 
12. power factor cos φ  = P / S  = 

13. total reactive power Q = √S 2-P2=

 

2nd variant:    Assuming the "effect" (current / = 60 kA), 
calculating the "cause" R% etc. 

 
1. phase voltage (cause) US tr=U/ √3 =  
2. impedance Z = US t r  / I = 

3. arc resistance RB = √Z2-X2 -RV =

etc. 
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1     Introduction 

The parameters phase-to-phase voltage U, reactance X and the working point φ play key roles 
in the design and operation of alternating current furnaces as they determine the furnace 
power P, the voltage requirement U and the current I: 

In this context the short-circuit reactance X is a very important engineering parameter. In the 
following we will learn which geometric variables determine the reactance, how to balance 
the reactance in the three phases, which reactance values are recommendable today for fur-
nace operation and what the term operating reactance means. 

2      Short-circuit reactance 

2.1    Reactance of a conductor loop 
To get an idea of the geometric variables that determine the short-circuit reactance of a high-
current conductor we first take a closer look at a straight conductor loop (figure 1). 

 

absolute induction coefficient 

angular frequency  

reactance of the loop, l>>D 

mean geometric distance from itself of a cylindrical conductor 

 

Figure 1:   Reactance of a conductor loop 

The reactance X of this loop is proportional to the conductor length I, increases by growing 
conductor distance with In D and depends on the arrangement of the conductor proper, i.e. 
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"the mean geometric distance of a conductor from itself”. The larger the cross-sectional 
area, the lower the reactance. This also applies to the division of conductors into multiple 
lines. The short-circuit reactance is thus determined by the lengths, distances, number and 
cross-sectional areas of the high-current conductors. 

2.2    Balance of reactances 

Transferring this knowledge to the three-phase system of the AC furnace means that the 
foremost engineering objective must be to achieve equal reactances for all three phases. This 
balance of reactances can be obtained when within each section of the high-current system 
conductors with the same cross-sections and lengths are used. Furthermore, these conductors 
must be arranged at equal distances. 

These layout fundamentals have led to the so-called triangulation of high-current conductors, 
figure 2b, which has become common practice since the early 1970s. If for design reasons 
instead of a triangular a parallel arrangement (figure 2a) is chosen, the reactances become 
unbalanced, leading to a reduction of the reactance of the centre phase. Normally, in an elec-
tric arc furnace with unbalanced reactances the electric variables current, active power, arc 
voltage and radiation value are also unbalanced. Only one of these variables at a time can be 
balanced by arc length changes. 

 
a) b) 

Figure 2:   Parallel arrangement (a) and triangular arrangement (b) of high-current conduc-
tors 

2.3    Short-circuit reactance of an AC furnace with current-conducting electrode arms 
In the following we will detail some of the principles of reactance dimensioning in the high-
current circuit of an electric arc furnace with current-conducting electrode arms [1], a design 
feature first introduced in 1984. It is a technological advancement of the previously used tube 
system installed on the electrode arms. With the new design the electrode arm is used both 
as a mechanical electrode carrying device and as an electric conductor. Figure 3 shows the 
design of the first installation. 

Current-conducting electrode arms consist either of carbon steel cladded with copper or of 
pure aluminium. 

The high-current line of an AC furnace consists of the segments, figure 4: 

- Transformer connecting conductors (A-C), 
Flexible furnace cables (D-L), 

- Electrode arms area (M-Q) and 
Electrodes (in this case: water-cooled electrodes with two segments) (R-W). 
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Figure 3:   Design of the first installation of current conducting electrode arms at AZMA [1] 

 

Figure 4:   Self and mutual inductance's of the high-current system at AZMA [ 1 ] 

For the calculation of the phase impedances the self and mutual inductance's of the individual 
segments must be determined. First the decoupled partial reactances and then the overall sys-
tem reactance are calculated by means of a reduction procedure [1], 

The calculation-based dimensioning of the design components in figures 3 and 4 provided the 
following reactance values: 
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X1  =  X3  = 2.22   mΩ 
 X2   =  2.41   mΩ 
 
The measurement of the short-circuit impedances by means of two-phase short-circuit tests 
provided the following results: 

Short-circuit reactances: 
Loss resistance's: 

X1  = 2.46 mΩ, X2 = 2.52 mΩ, X3 = 2.58 mΩ. 
RV1 = 0.41 mΩ, RV2 = 0.40 mΩ, RV3 = 0.44 mΩ . 

The results show that the reactances are almost balanced. Today current-conducting electrode 
arms are state of the art in both direct current and alternating current furnaces. Special atten-
tion must be paid to the balance of reactances. Several options are possible here: 

• In the case of parallel electrode arms the reactance of the centre phase must be increased. 
This can be achieved by a copper tube with a reduced cross-section, as shown in figure 3, 
or by reactance loops in the centre phase installed on the wall of the transformer house or 
on the middle electrode arm [2]. 

• A balance can also be achieved by positioning the middle electrode arm at a higher level, 
which comes very close to a triangular arrangement. An example of such a configuration 
is shown in figure 5 [3]. 

 

Figure 5:   Current    conducting    electrode    arms    of    aluminium    at    UES    Stocks-
bridge/Great Britain [3] 
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2.4 Optimized reactance 
At a mains frequency of 50 Hz the short-circuit reactances of AC furnaces range between 2.2 
and 3 mΩ. 

In the late 1970s installations with minimum reactances are preferred, enabling foaming slag 
operation with long, small-current arcs and low electrode consumption. However, there are 
limits to the layout of high-reactance high-current systems. 

Here it is useful to install a separate inductor on the primary of the furnace transformer that is 
switchable under load. The coil can become effective during the critical boring period and be 
switched off during the main melting phase in order to avoid power losses [4]. 

2.5 Reactance measuring techniques 

Short-circuit reactances of AC furnaces can either be determined by calculations or by two 
and three-phase short-circuit measurements at a reduced furnace voltage. The standard which 
describes the applicable measuring and evaluation methods is currently being revised [5]. The 
revised version will not deviate much from the methods described in [6]. 

3      Operating reactance 

3.1    Electric variables in real furnace operation 
A comparison of the measurements of electric variables with the values obtained from the 
circle or power diagram shows that the practical operating points are always somewhat below 
the calculated values, i.e. the actual furnace power is lower than calculated. An example is 
given in figure 6. These are the reasons: 

1. Our previous assumption that the arc resistance RB  is linear must be modified. RB  is non 
linear which causes harmonics in the current as multiples of 50 Hz (100 Hz, 150 Hz, 
200 Hz, 250 Hz, etc.). 

2. The electric arc variables are not stationary but subject to variations. 

3. Non-linearity and variations depend on the state of the melting process. 

4. The assumption of balanced load conditions often does not apply. Unbalanced situations 
reduce the active power. 

5. Furnace transformers, step-down transformers and the supply mains feature internal im 
pedances which add to the furnace impedances and must therefore be taken into account. 

In the following the effects 1 - 3 on the power diagram will be investigated. Different investi-
gations have shown that non-linearity and variations of electric arc variables as well as the 
increase of the system reactance have an influence. We therefore use the term operating re-
actance. The operating reactance is higher than the minimum reactance - the short-circuit re-
actance - by a constant or variable percentage. In this context the following three models will 
be detailed: 

- Operating reactance as a constant factor k, 
- Arc reactance according to KOHLE [7, 8], 
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-    Operating reactance according to BOWMAN [9]. 

For simple cases it is sufficient to determine the operating reactance .Yof  of electric arc 
furnace by increasing the short-circuit reactance X by a constant factor in the range of 

k= 1,1 ...1,2   , 

resulting in 

X0f  =  k .X  . 

 

Figure 6:   Operating points in the circle diagram 

3.2    Arc reactance according to KOHLE 
KOHLE has shown that the variations and non-linearities of arc variables can be considered 
in a linear equivalent circuit diagram by assigning a long-term arc reactance XL to the 
electric arc. The relationship between the long-term arc reactance XL  and the arc resistance 
RL is as follows [7]: 

XL = 0,12 -RL +0,02  R2
L / mΩ . 

The first part considers the variations, the second the harmonics. Figure 7 shows an equiva-
lent circuit diagram which has been modified accordingly. 

The circle diagram in figure 6 shows that, in contrast to the ideal furnace circle, the 
modified circle diagram with^L is a good approximation of the measured operating points. 

In a more recent work [8] KOHLE considered the influence of the melting time by introduc-
ing the factor KX : 
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Figure 7:   Linearized equivalent circuit with arc reactances XL 

 

with X0 being the short-circuit reactance. The factor Kx varies between Kx = 1 at the start of 
melting and Kx → 0 during foaming slag operation. Measurements on 5 AC furnaces have 
demonstrated that the factor Kx

 can be assumed as the following exponential function, 

 

with the time constant 7x being in the 10 ... 15 min range, figure 8. 

3.3    Operating reactance according to BOWMAN 
Based on a large number of individual investigations, BOWMAN [9] has determined a meas-
ured operating reactance which is plotted in figure 9 in relation to the power factor cos Kφ. 

This enables the assessment of the operating reactance of an electric arc furnace during differ-
ent phases of the melting process: 

-    At the start (boring period), arc stability and non-linearity are extremely unfavorable. The        
operating reactance is up to 50 % higher than the short-circuit reactance.  

-    During the main melting period, this effect is slightly less intensive. 
-    During foaming slag operation, the arcs are largely stable, the arc characteristic is almost   

linear. The operating reactance is only about 10 % higher than the short-circuit reactance. 

The effect of the operating reactance decreases with the shortening of the arc length. In a short 
circuit these functions should theoretically tend towards the threshold value 1. 
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Figure 8:   Time behavior of the arc reactance on five AC furnaces, melting the second bas-
ket [8] 
 
 
 

 
 
 

Figure 9:   Measured operating reactance versus power factor cos φ 
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KOHLE and BOWMAN found largely the same relationships. There is a close 
correspondence between the following KX values: 

"Start melting" for KX  ≈  0.9 ... 0.7,  

"Main melting" for KX   ≈   0.5, 

"Foaming slag" for KX   ≈   0. 

3.4    Effect of the operating reactance on the furnace power 

The effect of the operating reactance on the power of an AC EAF is shown in 
figure 10. Power differences of more than 10 MW have been identified 
between the boring phase and the operation with foaming slag. The figure also 
shows that when the electrode control is based on a constant impedance control 
the current values drift away. This phenomenon is, however, only effective in 
the case of a higher transformer impedance or an additional reactor. This current 
drift can be avoided by appropriate compensation as part of the furnace control. 

 

Figure 10:   Power diagram of an AC EAF with different operating reactances. 
U= 960 V. Short circuit reactance of the high-current system:  

 X0= 2.7 mΩ, of the transformer and additional reactor: 1.2 mΩ 
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4     Example: Calculation of working points taking into account the oper-
ating reactance 

In the following we will investigate how the influence of the operating reactance can be taken 
into account in the analytical calculation of working points: 

• Increasing the short-circuit reactance by a constant factor k = 1.1 ... 1.2 leads to inaccu 
rate results and will therefore be disregarded. 

• The operating reactance function according to BOWMAN is based on empirical, non-linear 
functions and is therefore not suitable for analytical solutions. 

• The methode according to KOHLE is suitable for the calculation of "cause" = arc resis 
tance —> "effect" = current. 

We use the familiar example from the chapter on "Circle diagrams", figure 11. We add the 
arc reactance XL  to the single-phase equivalent circuit diagram 

 
With RB = 4.6 mΩ, the arc reactance is XL = 0.98 mΩ. This value accounts for 21 % of the 
short-circuit reactance and inevitably leads to a drop in the furnace power: 

For the calculation of the operating point we follow the known procedure: 

1. phase voltage  

2. impedance 
3. current 

The next calculation steps are the same as described in the chapter on "Circle diagrams". 
Therefore, here we restrict ourselves to giving the equation for the calculation of the 

 

4.    total active power P = 3I 2( RV + RB ) = 

 
Figure 11:    Equivalent diagram of an AC EAF with arc reactance  XL

 



11 

5      References 

[1]  Ehle, J.; Timm, K.; Knapp, H.; Ahlers, H.: Entwurf und Betriebsergebnisse von strom-
leitenden Tragarmen fur Lichtbogenofen. Stahl u. Eisen 105 (1985), S. 26-30. 

[2]  Timm, K.: Reaktanzsymmetrierung von Hochstromleitungen fiir Drehstrom-Licht-
bogenofen. elektrowarme international 49 (1991), B3, S. B201-B211. 

[3]  Smollong, H.: Der Drehstromlichtbogenofen, reaktanzarm oder reaktanzoptimiert. Son-
derdruck MANNESMANN DEMAG, Duisburg. 

[4]  Kriiger, K.; Timm, K.; Schliephake, H.; Bandusch, K.: Leistungsregelung eines 
Drehstrom-Lichtbogenofens. Stahl u. Eisen 116 (1996), Nr. 8, S. 95-100. 

[5]    IEC 60676: Ed. 2.0 Test methods for direct arc furnaces (being revised). 
[6]  Svensson, E.: Das Messen von Impedanzen in Lichtbogenofen. ASEA-Zeitschrift 17 

(1972), Heft 4, S. 84-85. 
[7]  Kohle, S.: Lineares elektrisches Ersatzschaltbild von Drehstrom-Lichtbogenofen. Be-

richt Nr. 2.2.14, 10. UIE-Kongress, Stockholm (1984). 
[8]  Kohle, S.; Knoop, M.; Lichterbeck, R.: Lichtbogenreaktanzen von Drehstrom-Licht-

bogenofen. elektrowarme international 51 (1993), B4, S. B175-B185. 
[9]  Bowman, B.: Computer modelling of arc furnace electrical operation. Metallurgia 

International 1 (1988), S. 286-291. 



 



Steel 
Academy 

 
 
 
 
 
 
 
 
 

International Symposium 

Electrical Engineering of Arc Furnaces 

October, 23 - 26,2006, in Braunschweig, Germany 

Furnace Transformers 

DipL-lng. Egon Kirchenmayer, 
Siemens AG, Niirnberg 

Steel Academy - Verlag Stahleisen GmbH • SohnstraSe 65 ■ 40237 Dusseldorf 
Fon +49 (0)211 6707 644 ■ Fax +49 (0)211 6707 655 
info@steel-academv.com • www.steel-academv.com 



 



Furnace Transformers 

1.   Mode of Functioning of a Transformer 

Loaded Transformer 
Loading the secondary winding with a current 
l2 causes a magnetic flux of that winding. This 
flux is linked also with the primary winding and 
tends to reduce the total flux seen by the 
primary winding. Therefore a compensating 
current l-j will flow in the primary winding 
producing a compensating flux. The ampere 
turns of both windings are nearly equal: 
 
 
 
 
 
The flux between both windings is called stray 
flux φX. The bigger the stray flux is, the weaker 
is   the   magnetic   coupling    between   both 
windings. 
The secondary winding is now linked with the 
main flux φ and with the stray flux φX  
 
 
 

 

The mode of functioning will be illustrated 
based on a simplified single phase model with 
two windings placed on an iron core. A 
sinusoidal ac-voltage source U01 is 
connected to the terminals of the inner winding 
(Which is placed directly on the core). A 
magnetic flux <3> will then flow trough the core. 
The variation in time of this flux multiplied with 
the number of turns corresponds to the applied 
voltage at the terminals: 

d® 

U01m = w2 x --     (Law of Induction) (1) 
dt 

If there is no consumer connected to the 
terminals of the secondary winding, the 
secondary current will be zero (I2=0) and the 
transformer is in the so called no load 
operation. The magnetic flux which flows in 
this case trough the secondary winding is the 
same as in the primary winding: φ. The 
variation in time of this flux induces in the 
secondary winding the voltage U02 : 

d® 

U02 = w2 x----     (Law of Induction) (1) 
dt 

d® 
After elimination of ----- from the formulae (1) 

dt 
and (2) we come to the conclusion that the 
ratio of the no load voltages corresponds to 
the ratio of the turns of the windings: 
 

Ü is tha transformation ratio. 

 
 
 
 
of the transformer related to the secondary 
winding. This voltage is related normally to the 
no load voltage and is given in Percent.: 
 
 
 
 
Equation (3) can be expressed by an 
equivalent circuit or by voltage phasors as 
follows: 

 
The short circuit reactance is calculated based 
on the short circuit voltage, the no load 
voltage and the rated power as follows: 
 

 
The short circuit resistance is calculated based 
on the short circuit loss and the corresponding 
current as follows: 
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2.   Electrical   Characteristics   of  Furnace 
Transformers 

Furnace Transformers have to adapt the electrical 
energy to the requirements of the electrical fur-
naces. 

The energy will be absorbed normally from a me-
dium voltage system (30, 20 or 10 kV) and trans-
formed to a range of 100 to 1400 V. If a special 
type of transformer is chosen, it can be connected 
also directly to the 110 kV or even to the 220 kV 
system. 

The variation in time of the currents is influenced 
by the mode of operation of the arc furnace. The 
variation of power covers the whole range between 
no load and short circuit of the electrodes including 
a superimposed inrush current: 

variation of short circuit voltage and short circuit 
impedance with the tapping range: 

 
0,40 1,00 

Secondary Voltage(p.u.) 

 

 

 
Current at different moments of time within the first 
seconds after the first ignition of the arc in a new 
batch. 

 

Currents in the three phases, 40 minutes after the 
first arc ignition in a new batch. 

Furnace Transformers are characterised by a typi-
cal definition of power, a great tapping range and 
very high currents on the low voltage side. 

Usually, a range of constant power and a range of 
constant current are defined, while the secondary 
voltage decreases and the primary (applied) volt-
age remains unchanged. In some cases the range 
of constant power is omitted. In those cases the 
rating is defined by a range of constant secondary 
current only. Furnace transformers show a typical 
Furnace Transformers 
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The secondary voltage can be regulated in a ratio 
of 2:1 to 3:1 or even more. As higher the power of a 
furnace transformer, as higher is normally the 
maximum value of the secondary voltage. 

3.   Types of Furnace Transformers  

3.1. AC-Furnace Transformers 

3.1.1.Variable-Flux Voltage Regula-
tion 

The furnace transformer contains in this case one 
active part. The voltage regulation is done by 
changing the number of turns in the high voltage 
winding by means of a tap changer. As the supply-
ing voltage on the high voltage side remains un-
changed, the flux density will change with changing 
numbers of turns.(Variable-Flux voltage regulation). 

 
The high voltage winding can be star or delta con-
nected. The low voltage winding can have a star-, 
delta- or open-circuit connection. 
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Currents in the three phases, two minutes after the 
first arc ignition in a new batch. 



This type of furnace transformer has the most eco-
nomic design, as only one active part is required, 
(see also 3.1.4). The range of application is limited 
due to the maximum height of the primary voltage 
as the transient over-voltages in the tapping wind-
ing increase considerably with higher system volt-
ages. 

The voltage regulation is normally done in unequal 
steps due to the variable flux regulation. A coarse 
equalisation can be achieved in some cases using 
different numbers of turns per step. 

3.1.2.Regulation With  Intermediate 
Circuit 

This type of furnace transformer consists of two 
active parts enclosed normally in the same tank: a 
main transformer and a booster transformer. The 
main transformer contains the high voltage wind-
ing, a part of the low voltage winding and the regu-
lating winding. The booster transformer contains 
the second part of the low voltage winding (con-
nected in series with the first part) and a high volt-
age winding, fed by the regulating winding of the 
main transformer. The regulating winding of the 
main transformer and the high voltage winding of 
the booster transformer form the intermediate cir-
cuit. 

 
This type is normally connected to high voltage 
systems. Furnace transformers made by Siemens 
which are connectable to the 110 kV system as well 
as to the 220 kV system are in service since dec-
ades. 

The voltage of the intermediate circuit can be cho-  
sen by the designer. As higher it is, as more so-
phisticated is the insulation system. But as the cur-
rent is lower at higher voltages, a less expensive 
tap changer can be chosen. It is up to the designer 
to find the optimum. 

The switchgear can be included in the intermediate 
circuit. Due to the reduced voltage of the intermedi-
ate circuit, a less expensive switchgear can be cho-
sen. If the switchgear is open, the booster trans-
former will be magnetised from its low voltage 
winding. This implies, that the booster transformer 
is designed for the voltage level of the low voltage 
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winding of the main transformer. Therefore the 
power of the booster transformer has to be in-
creased. The opened contacts of the switchgear are 
stressed by double the voltage of the intermediate 
circuit. All these effects have to be considered in 
the design stage. 

An additional advantage of this type is that equal 
voltage steps can be achieved along the whole tap-
ping range. There are also no limitations in choos-
ing the size of the tapping range. 

The example given above contains a also a tertiary 
winding which is suitable for connecting an external 
filter or power factor correction equipment. This 
leads to cost optimisation of such equipment espe-
cially in the case of high system voltages. 

3.1.3.Regulation With an Auto 
Transformer 

This type contains two active parts, an auto trans-
former with regulating winding and a furnace 
transformer which are located normally in a com-
mon tank. 

 
This type can be connected directly to a high volt-
age system. 

In this case, an intermediate circuit is formed by 
the common winding and the regulating winding of 
the auto transformer and the high voltage winding 
of the furnace transformer. The voltage of this in-
termediate circuit can be chosen by the designer, 
As higher this voltage is, as lower is the current, 
which determines the size and cost of the tap 
changer.The built in power of the auto transformer 
decreases with a lower transformation ratio but the 
cost of the insulation system increases. 

A tertiary winding can be foreseen to connect a fil-
ter or a power factor correction equipment. 

3.1.4.Comparison of the Three 
Types 

The possible range of application of the three types 
has been described above. The following compari-
son is done from an economical point of view. 

The built in power of a furnace transformer is nor-
mally much higher than the rated power. This is 
determined by the special power demand of such a 
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transformer and by the chosen concept. The com- 
parison is done based on the same tapping range 
for all three types e.g.: Umax/Uconstant/Umin = 1 / 
0,8 / 0,5. The ratio between built in power and rated 
power for the given tapping range is as follows: 
               Variable flux regulation:                  1,63 

Intermediate circuit regulation:       1,44 
Regulation with auto transformer:   1,56 

The best ratio is achieved in the case of Intermedi-
ate circuit regulation, followed by the regulation 
with auto transformer. As these types consist of 
two active parts, the manufacturing effort is much 
higher than in the case of the variable flux regula-
tion. If the transformer is connected to the medium 
voltage system, the variable flux regulation leads to 
the most economical design. If the transformer is 
connected to the high voltage system, the available 
manufacturing facilities and the figures given above 
will determine the chosen type. 

3.1.5.Other Characteristics 

Other characteristics of some special types of fur-
nace transformers are given below: 

No load star delta switchover of the high voltage 
winding of furnace transformers with variable flux 
voltage regulation is used to reduce the built in 
power in cases where big tapping ranges are re-
quired. If for instance a voltage range Umax/Umin 
= 1 / 0,33 is foreseen, the built in power is only 1,49 
times the rated power if such a switchover connec-
tion is used, (compare also 3.1.4). 

An individual regulation of each phase can be real-
ised. In this case, a zero sequence flux can occur. 
Special measures have to be taken in this case. 

Furnace transformers for ac-furnaces can be built 
also as single phase units. In the case of the so 
called Knappsack-connection, three single phase 
units are arranged symmetrically around the fur-
nace. Due to the geometrical symmetry the imped-
ance of the three phases is nearly the same. This 
leads to a uniform load of the three phases. This 
advantage is compensated by higher manufactur-
ing cost and greater content of material of the sin-
gle phase units compared with a three phase unit. 

Furnace reactors are used mainly in connection 
with furnace transformers of high rating to regulate 
the impedance of the plant (in order to achieve a 
more stable arc). The reactance of such reactors 
can be changed in 3 to 7 steps with the use of a no 
load tap changer. The more expensive solution with 
an onload tap changer can also be chosen. The re-
actor can normally be included in the transformer 
tank. 

 
Furnace reactor with attached tap changer to 
be included in the main transformer tank. 

3.2. Transformers for DC-Furnaces 
This type of transformer contains some elements 
from conventional rectifier transformers (used in 
electrolysis plants or dc-drives) and other elements 
from ac-furnace transformers. 

Transformers for dc-furnaces can be built to be 
connected to medium voltage systems and to high 
voltage systems. All kinds of voltage regulation 
mentioned above can be foreseen in principle for 
this type of transformer too. In many cases rectifi-
ers with thyristors are used. In this case the voltage 
regulation can be done via thyristors and there is 
only a small tap changing equipment necessary or 
it can be even omitted. If a tap changer is foreseen, 
it is normally a no load tap changer. 
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The both low voltage windings are connected to the 
rectifier. They are connected in star and delta re- 
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spectively. A special 6 pulse connection has been 
developed by Siemens in order to minimise the 
flicker phenomenon. This connection requires two 
low voltage windings, both connected in star or 
both connected in delta. 
The amount of harmonics caused by the arc are 
less in the case of dc-furnaces, as the dc-arc burns 
smoother than the ac-arc. But in this case the addi-
tional harmonics produced by the rectifier have to 
be considered in the design of the transformer (see 
also 4.2.1). The influence of the harmonics gener-
ated by the rectifier can be reduced by increasing 
the pulse order. In the case of a bridge connection 
of the rectifier, a 12 pulse system can be achieved 
by using one low voltage winding in star connection 
and one other in delta connection. By the use of 
phase shifting windings 24 pulse-, 36 pulse- and 
even higher pulse order connections can be real-
ised. 

The short circuit current is lower than in the case of 
ac-furnaces, because of the current limiting proper-
ties of the rectifier. 

4.   Mechanical Design of Furnace Trans-
formers 

4.1. Transformer Core 
The core carries the main magnetic flux of the 
transformer. The form of the core is the same as 
used in regular power transformers. The core con-
sists nowadays of grain oriented magnetic steel of 
the HIB class. A favourable distribution of loss and 
temperature in the core is achieved by using the so 
called step lap stacking of the core sheets. The 
maximum flux density has to be chosen taking into 
account the voltage harmonics produced by the 
rectifier, which can lead to an increase of the loss 
and temperatures of the core. 

If the voltages of each phase are regulated indi-
vidually, a zero sequence flux can occur. If there is 
no delta winding on the core, a return path for the 
zero sequence flux has to be foreseen. 

Due to the currents and forces produced in the 
windings of furnace transformers, vibrations are 
transmitted from the windings to the core. Core 
sheets and other parts of the core have to be se-
cured against movement. 

The core of furnace transformers for dc-furnaces 
can be built in double tier form. The differential flux 
can be carried by intermediate yokes which are 
placed between the middle of the core legs. 

4.2. Windings of Furnace Transformers 

4.2.1 .Stresses 
Frequent short circuits of the electrodes produce 
high magnitudes of the load currents (about 2.5 
times the rated current). The shape of the currents 
can be distorted due to the nonliniarity of the arc 
resistance. The frequent reignition of the arc can 
lead to inrush currents with high magnitudes. 

High forces are generated in the windings due to 
the high magnitude of these currents. Many meas-
ures are required in the design stage, during 
manufacturing and in the winding treatment proc-
ess in order to control these forces. 

Some keywords for this are: detailed calculation of 
stresses and forces, careful selection of the materi-
als used, proper dimensioning of all supports inside 
and outside the windings, securing all parts against 
movement, manufacturing with very small toler-
ances, proper drying and pressing of the windings 
in order to eliminate the plastic component of the 
windings, excellent symmetry of the windings. 

The influence of the harmonics of the current has to 
be considered in the thermal design of the wind-
ings. This applies especially in the case of dc-
furnace transformers, where the stray losses can 
be doubled or even tripled by the harmonics of the 
current. 

Traditionally loss evaluation has not the same im-
portance for furnace transformers than for power 
transformers. Therefore higher current densities are 
chosen in the case of furnace transformers. 
Therefore a very effective cooling is required. In 
many cases the OD-cooling (oil-directed) is used, 
where the oil is directly pumped trough the wind-
ings. 

4.2.2.Design of the Windings 
The conductors used for high voltage windinqs are 
bare conductors or continuously transposed con-
ductors for higher ratings. Layer windings are used 
in the case of lower voltage levels, otherwise disc 
windings are used. Disc windings can be inter-
leaved at the line end of the windings in order to 
control the impulse voltage distribution inside the 
windings. 

The conductors used for regulating windinqs can be 
also bare conductors or continuously transposed 
conductors. The control of impulse voltages and 
resonant voltages is of major importance for regu-
lating windings. Especially switching operations 
can cause resonant frequencies, which can be in 
the range of the resonant frequencies of tapping 
windings. The voltages which can occur in this 
cased have to be controlled in order to assure the 
reliability of the transformer. 
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The leads of the regulating winding are connected 
to the tap changer. 

The types of conductors used in the low voltage 
windings are mainly continuously transposed con-
ductors, cylinders of copper, or clamps of copper. 
In the past also bare conductors have been used. 

 
If continuously transposed cables are used, the low 
voltage windings consist normally of many groups 
of transposed cables which are connected in par-
allel by the use of huge bars of copper. 

 
If clamps of copper are used, they can be con-
nected in parallel and in series. 

Low voltage leads can carry currents up to 100 kA. 
Therefore special measures are required to assure 
a proper current distribution within the windings 
and leads. 

4.3. Low Voltage Connections of Fur-
nace Transformers 

Bushings consisting of flat bars of copper can be 
used up to currents of 60 kA.. A transformer with 
such bushings arranged on the top of the active 
part (cover of the tank) can be seen in the figure 
above. 

For higher currents water cooled bushings consist-
ing of bent copper tubes are used (see the picture 
below). 

Bushings can be placed on the tank wall or on the 
cover of the tank. The bushings are arranged very 
often in the form of a triangle. This makes it possi-
ble that the leads to the furnace can be arranged 
symmetrically in order to achieve nearly equal im-
pedances and currents in all the phases. 

 
One or two turns can be realised by the use of cyl-
inders of copper. 

Furnace Transformers 
6 

SIEMENS Transformatorenwerk Numberg 



The outer cooling system consists normally of oil-
water coolers by which the heat can be led away in 
a space saving manner. 

4.5. Tap Changing Equipment 
The voltage can be regulated normally by an on-
load tap changer or by a no load tap changer. The 
contacts of tap changers for furnace transformers 
are made normally of material of higher quality. 
The contacts may have bigger diameters than nor-
mally. The special circumstances of furnace opera-
tion have to be considered for the selection of the 
switching capacity. 

Due to the increased number of switching opera-
tions and due to the fact that high amplitudes of 
current have to be switched, the oil in the switching 
compartment of onload tap changers will be dete-
riorated faster. Therefore it is advisable to use oil 
filters. 

4.6. Screening 
The stray field of the windings and of the leads 
which carry high currents can induce eddy currents 
in metallic parts. These eddy currents can cause 
high losses and temperatures. These losses and 
temperatures can be controlled by the use of mag-
netic and nonmagnetic screens. 

4.7. Protection Against Overvoltages 

Switching overvoltaqes can be generated when 
switching-off furnace transformers. They can be 
high when loads are switched off but can be rele-
vant also when the unloaded transformer is 
switched-off. 

Resonant events are of major importance. If fre-
quencies are generated which correspond to the 
resonant frequencies of the transformer, high over-
voltages can be generated inside the transformer. 
Resonant events can be started by reignitions of 
switches during load-switch-off or by arc interrup-
tions in service. 

The protection of transformers against resonant 
overvoltages can be done as follows: choosing dif-
ferent resonant frequencies for the system and for 
the transformer,  using  R-C  damping  elements, 
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protection of terminals with surge arresters and 
protecting parts of the transformer windings by 
voltage limiting elements. 

5.   Limitations of the Rated Power 

Furnace transformers have been built up to a 
maximum power of 150 MVA and up to maximum 
low voltage currents of 100 kA.  
The following chart shows which secondary volt-
ages are normally chosen for transformers of dif-
ferent power ratings. The graph is based on data 
of transformers manufactured in the Siemens Fac-
tory in Niirnberg. The range of the ladle furnace 
transformers with rated power up to 50 MVA can be 
recognised in the graph. 

 
The r.m.s value of the secondary currents is in the 
range of 20 to 100 kA. The current is limited due to 
the maximum load of the electrodes used in fur-
naces. The dependence of secondary currents from 
the rated power is shown in the following chart, 
which is based on transformers manufactured in 
the Siemens Factory in Nurnberg. 

 

4.4. Cooling 

SIEMENS Transformatorenwerk Nurnberg



It is possible, from our point of view to build fur-
nace transformers of higher rated power in the fu-
ture. 

The secondary current of furnace transformers is 
limited due to the following factors: 
• The width of transformer windings is limited 

due to the losses produced by the stray field. 
• Available space for the low voltage bushings 
• Current distribution in the low voltage bushings 

A maximum secondary current of 120 kA can be 
reached based on the limitations given above if a 
conventional design is used. 

The primary current is limited by the tap changers 
which are available. Tap changers for furnace 
transformers are available up to a maximum cur-
rent of 3000 A. The rated power of furnace trans-
formers is limited based on this consideration as 
follows: 

 

Rated Power [MVA] Primary Volt- 
age [kV] HV-Delta HV Star

10 90 50
20 180 100
30 270 150

This consideration is not valid for transformers with 
intermediate circuit because the current of the in-
termediate circuit can be chosen individually. 

If a rated secondary voltage of 1500 V and a 
maximum secondary current of 80 kA would be 
chosen, the rated power of the transformer would 
be: 
 
 
Such a transformer could be built with a primary 
voltage of 30 kV. Also if the primary voltage would 
be 110 kV or 220 kV the transformer could be built 
with intermediate circuit or with directly connected 
autotransformer. 

Other limitations can be: 
• Maximum dimensions and weight with regard 

to the transportation possibilities 
• Production capabilities of the manufacturers 

6.    Example of a Furnace Transformer 

The technical data of a furnace transformer with 
variable flux voltage regulation will be discussed 
below, based on the data of the rating plate (see 
Appendix 1 and 2). 

 

Rated Power 105 MVA 
constant up to 837 V 

Vector group DdO 
Rated primary voltage 30 kV 
Secondary voltage  

maximum 960 V 
minimum 550 V 

steps 18 
Secondary current 73 kA 
 
Furnace Transformers 
8

Short circuit voltage 
Tap position 18 7% 
Tap position 13 10,5% 
Tap position 1 18,2% 

The short circuit reactance can be calculated based 
on the short circuit voltage. It will be related to the 
secondary voltage:  
At tap position 18: 
 

Although the short circuit voltage increases with 
higher tap positions, the reactance seen from the 
secondary terminals remains nearly unchanged. 

The resistance related to the secondary terminals 
can be derived from the short circuit loss (approx. 
520 kW on tap position 18): 

 

 
The transformer is equipped with a reactor con-
nected in series to the high voltage winding, with an 
onload tap changer. The reactance of this reactor 
related to the primary terminals as well as to the 
secondary terminals(reduced by the square of the 
transformation rate u ) is given in the table below: 

Tap pos. reactor: 10 9 5 1 
Primary side delta 0Ω 0,56 Ω 2,63 Ω 4,93 Ω
Primary side, star 0 Ω 0,19 Ω 0,88 Ω 1.64 Ω
Secondary side 
Tap position 18 0 Ω 0,19 

m Ω 
0,90 
m Ω 

1,68 
m Ω

Secondary side 
Tap position 1 0 Ω 0,064 

m Ω 
0,29 
m Ω 

0,55 
m Ω

The effect of the reactor on the secondary side is 
greater if the transformation ratio is lower, i.e. if the 
secondary voltage is higher. 
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Main Data of the Rating Plate Annex 3 
 

Type   TWPW  8246 FTNR N 4 7912 Year of Manuf.  1993 VDE 532/ 3.82 
Rated Power   1 5       kVA   1) Type                  PT/T - Insulation Level: L117 AC 7 / LI - AC 3 
Vector Group         Dd Continuous Operation Rated Frequency 5 Hz Type of Cooling OFWF 

Tap TapVoltage Tap Current zu   2) 
18 3      V 96 V 2 21 A 63 148 A 7% 
13 3      V 88V 1 966 A 73 38 A 1 .5 % 
1 3      V 55 V 1 338 A 73 38 A 18.2 % 

Short Circuit Current (r.m.s) 15.5 kA Duration of s.c. max. 2 s  Max. Ambient Temperature   4 "C 
Tank and Conservator Vacuum Proof Total Mass 1351 Mass/Type of Oil 36.5t DEA GK 2/1 
Transfortation on Fwb 272 Untanking Mass 22 +59.51 Transportation Mass   97 t 
Tap Changer (Transformer) Type 3xMI 15 -6 /B 18 18 Rated Current 15   A Urn 72.5 kV Revol. of Drive Shaft/Step 16.5 
Tap Changer (Reactor) Type 3xM11 5 -6 IB 1  1 Rated Current 15  A Um 72.5 kV Revol. of Drive Shaft/Step 16.5 
Cooling Capacity per Circuit at Max. Top Oil Temp. 41 kW Temp. Rise Oil/Winding 42/6 K Number of Cooling Circuits   3 
Maximum Temperature of Inflowing Cooling Water 3 °C Oilflow per System 1 5 m 3/h Consumtion per Circuit (+25"C) 3.9kW 

Required Cooling Water per Circuit 33.9 m
3
/h    3) Number of Cooling Circuits required at Rated Power       2 

1) Power constant up to 83 Volt, then decreasing with secondary voltage 

2) Series reactor not included 

3) plus 2 m3/h for secondary bushings 
 

High Voltage Low Voltage Built in 3 Phase Series Reactor 

Terminals Voltage 
 V 

Current  
A 

Position 
Selector 

Tap 
Position Terminals Voltage  

V 
Current  

A FTNR N 4 7  913 

3 2 21 2 18 96 63 148 Type DWPW 7346

   3 17  925 65 529 Type of Cooling OFWF 
   29 16  894 67 839 Rated Power 19 6   kVA 
   28 15  864 7 148 System Voltage 3      kV 
   27 14  837 72 457 Rated Current 2 21 / √3A 
  1966 26 13  88 73 38 Vector Group III 
  1 91 25 12  781  Rated Frequency 5 Hz 
  1 839 24 11  755  Reactance/ 

Phase Ohm
Tap 

Selector Tap Position

  1 781 23 1  732   1 1 
  1 727 22 9  79  ,56 3 9 
  1 671 21 8  686  1,7 4 8 
  1 618 2 7  665  1,76 5 7 
  1 564 19 6  642  2,17 6 6 
  1 513 18 5  621  2,63 7 5 
  1465 17 4  62  3,12 8 4 
  142 16 3  583  3,68 9 3 
  1378 15 2  566  4,28 1 2 
  1 338 14 1  55  4,93 11 1 
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Energy Balance of the Electric Arc Furnace 

Development of the steelmaking processes 

During the production of metallic materials a high degree of recycling of scraps from produc-

tion and fabrication already exists, In addition the mostly long life products are fed to the ma-

terial circuit again after the service life. 

Considering the development of the steelmaking processes before this background in Ger-

many (fig. 1), the available process mix should be able to recycle all the available scrap. 

1960   1965   1970   1975   1980    1985   1990   1995 World   EC 
1999    1999 Year 

Fig. 1: Change of the steelmaking processes in Germany 

In the year 1960 the percentage of the open hearth furnace (OHF) and electric arc furnace 

(EAF) operating on scrap base was 50 % . The blast oxygen furnace (BOF) developed in the 

fifties began the technological victory train in the sixties and replaced the bottom blowing 

Thomas converter (Basic Converter Process BCP) working with air, in which due to the high 

nitrogen content only steels grades with lower qualities could be produced, as well as the gas 

fired open hearth furnace working on scrap base. In this time the integrated steel mills with 

typical converter sizes of 300 t were build up. In the blast oxygen converters can be inserted 

approx. 25 to 30 % of the metallic input as scrap due to the energy surplus of the exothermic 

reactions of the oxygen with the elements C, Si, Mn, P and S and in part also iron. 

The part of the electric steel production increased in this time from 8 % in the year 1960 to 

26,4 % in the year 1997 III. With that the part of the electric steel production is by far lower in 

Germany than in the world wide or European average of 34 % III. From the open hearth fur- 
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nace process the product spectrum of the stainless steels and the structural steels, for example 

for the automotive industry, was taken over. The reasons for the change of the technology 

were the higher productivity, the improved quality of the products and the reduced costs. 

The most important reason for the comparably small percentage of electric steel production in 

Germany compared with the world wide percentage is to be seen in the high costs which are to 

be paid in Germany for the electric energy. 

A further reason is to be seen in the production range of the steel industry in Germany. Ultra 

clean steel grades for automotive, shipbuilding, off-shore-plants and the package industry de-

termine the production programme to about 2/3. Here the production route with ore as raw 

material and BOF process is clearly held over the electric steel process with steel scrap as raw 

material with regard to low contents of tramp elements. The product spectrum of the electric 

steel plants contains basically long products in the form of concrete and wire steels and struc-

tural steels for the automotive industry. Stainless steels are produced mainly as flat products 

and in smaller circumference also as long products 121. 

Scrap 

Fig. 2 clarifies, that the specific scrap mass was small for the basic converter process. The 

available scrap from the open hearth process was used as raw material partially in the BOF 

process and mainly in the electric arc furnace process. It becomes, however, clear that Ger-

many developed to a scrap export country due to the lower electric steel ratio since the mid 

eighties. 

If one considers the scrap import/export of Germany to countries (fig. 3), so it becomes clear, 

that the highest exports occur to the Netherlands, Belgium/Luxembourg, France and to Italy. 

The scrap imports are small. In 1999 there were imports of approx. 2,7 Mio. t scrap and ex-

ports of approx. 7 Mio. t scrap. With that Germany is a scrap exporting country which has 

basic recourses for an expansion of the electric steel production. 

The remelting of scrap is also reasonable from energetic viewpoint. The specific primary en-

ergy consumption of steelmaking processes is dependent from the inserted raw materials. In 

fig. 4 the specific primary energy consumption of different steelmaking processes is given 

depending on the charged scrap ratio /3/. At the determination of the primary energy con-

sumption all energies were considered, that will be needed for the production of the raw mate-

rials, surcharges and supplements as also the operating and consumption materials, that is for 
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cooling water, electrodes and refractory materials. For the transformation and distribution of 

the electrical energy an efficiency of 34,5 % is estimated. The scrap is evaluated energetically 

with the value 0. 

1965        1970        1975        1980        1985        1990        1995        2000 
Year 

Fig. 2: Statistic of scrap in Germany 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig, 3: Scrap import/export of Germany (1999) 
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Fig. 4: Specific primary energy consumption for different steel production routes /3/ 

Development of the electric steel process 

The economical steel production in electric arc furnaces was enabled by an enormous devel-

opment of the electric arc furnace in the last three decades (fig. 5) /4/. Technological devel-

opments decreased the specific energy consumption, tap to tap-time and specific electrode 

consumption clearly and increased with that the efficiency and productivity of the arc furnaces 

very considerably. 

Through that mini mills with electric arc furnaces are suitable to produce economically stan-

dard steels as long and flat products, latter in connection with the thin slab technology. The 

effects of different measures onto the energy balance and the change of the specific energy 

input are essential content of this lecture. 

The number of the electric arc furnaces decreased in the last years. For that the furnaces be-

came, however, higher-performance. Fig. 6 shows the decreasing number of the furnaces be-

ginning in the year 1970 up to the year 1999 III, the increasing electric steel production of 

5 Mio. t/y on approx. 12 Mio. t/y and the enlargement of the average production per furnace of 

50000 t/y on almost 425 0000 t/y. Some electric arc furnaces achieve a productivity of up to 

1 Mio. t/y. 
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If one compares the statistically electric energy input (melting current, operating current) with 

the annual electric steel production and considers the specific electric energy input, so three 

typical developments are detectable (fig. 7): 

• Reduction of the specific energy consumption of approx. 7 kWh/ty from 1960 to 1970 (rea 

sons: for example larger furnace units). 

• Increase from 550 kWh/t on 620 kWh/t from 1970 to 1975 

(reasons: dedusting of the electric arc furnaces 

higher tapping temperatures due to higher rate of secondary metallurgy 

water cooling of furnace components - cover, wall) 

•  Reduction of the specific energy consumption of approx. 5 kWh/ty since 1975 

(reasons: development of the process engineering 

oxygen metallurgy 

foamy slag metallurgy) 

 

Fig. 5: Developments of the electric arc furnace 
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Fig. 6: Development of the electric steel production in Germany 

 
  

Fig. 7: Development of the production and the absolute as well as the specific energy input for 
the electric steel production 
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Mass and energy balance 

The mass and energy balances are necessary for the evaluation of processes under each other, 

for the comparison of concurrent technologies as well as for the energetic optimisation of pro-

cesses. In particular in processes with metallurgical reactions the mass- and energy balance are 

closely coupled with each other. 

Mass balance of the electric arc furnace 

The material or mass balances are the precondition for the preparation of energy balances and 

in addition the basis for material flow considerations of an EAF steel mill. Fig. 8 gives an 

general view of the data for the input and output data of discrete masses mi or mass flows m} 

for the electric arc furnace. The average data of 27 heats of a lOOt-EAF are given additionally 

in brackets. The mass balance can be noted by 

 

by integration from the start (TA) to the end of the heat (TE) concerning that the liquid heel is 

constant from heat to heat /5/. 

The data for specific values of masses, e. g. dust or electrode consumption are available from 

statistical data. 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. 8: Data for the mass input and output of the electric arc furnace 



8 

The table 1 lists the mass input into the electric arc furnace and the reactors of the secondary 

metallurgy, distinguished in metallic partitions and surcharges, for concrete reinforcing steel, 

structural steel as well as high alloy ferritic and austenitic stainless steels. Further materials, as 

the consumption of refractories for hearth and ladle and/or converter as well as electrodes, are 

not considered /8/. This list shows that for the melting of the different steel grades the specific 

mass distinguish clearly. These affects also the energy input. 
 

concrete 
steel 

 
Kg/tliquid 

structural 
steel 

 
Kg/tliquid 

ferritic 
stainless 

steel 
    Kg/tliquid 

austenitic 
stainless 

steel 
Kg/tliquid 

 

 mass input electric arc furnace 

unalloyed steel scrap 1000 1015 750 310 

alloyed steel scrap   90 490 

pig iron, cast iron 100 75   
other alloys   260 240 

 
metallic 
input 

 
 

X metallic input 1100 1090 1100 1040 

lime 30 22 48 50 

dolomite 10 7   

coal 14 11 6 12 

 
additions 

 
 

Z additions 54 40 54 62 
 

 mass input secondary metallurgy (ladle, AOD-converter) 

metallic 

input 

alloys cooling 

scrap 
17,5 31 

35 

30 

70 

60 

additions additions 4,5 6 70 70 

Table 1: Data for the mass input in the electric arc furnace and the secondary metallurgy 
reactors /8/ 

Energy balance of the electric arc furnace 

The high part of the energy costs from the processing costs of the electric steel production 

results in a high importance coming up to the energy balance of the electric arc furnaces. The 

aims of energy balances during the electric steel production are: 

• energetic evaluation of the process 

• reduction of the energy costs through decrease of the energy losses and utilisation of 

waste heat 

• substitution of electrical energy and improvement of the energy efficiency 
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The basis for the energetic balancing of the electric arc furnace is the law for conservation of 

energy (1st law of thermodynamics). Generally this can be noted for an open system 191 

Sum of the energies, that are transported as Change   of   the 

heat Q, work W, with the streaming medium     energy U of the 

Has well as through metallurgical reactions =          open system 

R above the system boundaries 

and/or formally for the time dependent variation 

 

Under the assumption that the energy stored in the furnace is identical after every heat eq. (2) 
is 

 
The fig. 9 schematically shows an electric arc furnace with the specification of the system 

boundary for the balancing of the system according to the 1st law of thermodynamics. The 

power supply of the system (transformer, possibly necessary compensation systems) and the 

high power supply with the occurring electric losses will be accounted in the balance. Thus 

the measurement of the electrical power input Pei and/or the electrical energy input of a heat 

occurs before the transformer. 

 

 

The further equations for the preparation of the energy balances of electric arc furnaces are 

noted in the table 2. Systems for the scrap preheating and the related post combustion units are 

usually/often included in the balance. On the other hand the energy used for the dedusting 

system (approx. 20 to 45 kWh/t /7/) and the ladle furnaces are not considered with a so 

choosed boundary. 



 

Fig. 9: System boundary for the electric arc furnace 

 
Table 2:Equations for the energy balance of the electric arc furnace 

10



11 
 

temperature t 
°C 

spec, enthalpy steel hSt 
kWh/t 

spec, enthalpy slag hSI 
kWh/t 

1530 365 595 

1600 385 627 

1620 390 635 

1640 395 643 

1660 400 652 

1680 405 660 

1700 410 669 
Table 

Table 3: Data for the energy balance of  the electnic arc furnace 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Table 4:Chemical reactions for the energy balance of electric arc furnace 

Evaluation of energy balances of the electric arc furnaces 

For the evaluation of the energy balance of the electric arc furnace the efficiency is used. 
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By definition the efficiency is the ratio of the energy benefit and the energy input. The en-

thalpy of the steel melt is designated as energy benefit of the electric steel production. Going 

out of (5) the efficiency can be defined by 

 

 

The development of the last years to an increased contribution of metallurgical - chemical 

reactions to the entire energy input is not considered by this formula. On the basis of a com-

plete energy balance the following degree of efficiency can be calculated. 

 

 

 

This definition of the efficiency considers also the other energy inputs (fuel - oxygen - burner, 

oxygen metallurgy, oxidation of metals, etc.). 

Energy balances of different electric arc furnaces 

The following energy flow diagrams of electric arc furnaces clearly show that the energy input 

consists of electric energy, fuels (gas, oil, coal) and exothermic (chemical - metallurgical) 

reactions. The output of energy is the enthalpy of the liquid steel which is taken as energy 

benefit of the electric arc furnace process , the enthalpy of the slag, the heat transported with 

the cooling water from the water-cooled panels, the off gases as well as radiation losses. 

The shown energy balances distinguish considerably from each other. The energy flow dia-

gram of a 110-t EAF shown in fig. 10 from 1980 is valid for the production of alloyed struc-

tural steel  /5/. 

This EAF is equipped with natural gas-oxygen-burners and no additional ladle furnace was 

installed at the time of the determination of this energy balance. The tapping temperatures 

were >1700°C. In addition high amounts of charged oil yielding flakes lead to comparably 

high specific off gas losses. 

The energy flow diagram of a 120-t EAF represented in fig. 11 is valid for the production of 

stainless steel /12/. The tapping temperature is 1550 to 1600 °C with a following secondary 

metallurgy in an AOD converter. This EAF is equipped with a steam cooling system. In this 

case the enthalpy of the produced process steam is to be treated as energy benefit from the 

wall cooling and the off gas system. 
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Fig. 10: Energy balance of a 100-t-EAF for the melting of alloyed structural steel 

(status: 1980) 

 
Fig. 11: Energy balance of a 120-t-EAF for the melting of stainless steel (status: 1989) 
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For the evaluation of the energy balance an extension of the efficiency defined in (7) its neces-

sary to consider the decoupled energy used in other processes 

 

 

In fig. 12  a further energy flow diagram of a 60-t EAF is represented /13/. This energy balance 

is characterised by that, that a high specific oxygen rate is injected and an additional scrap pre-

heating system is installed. The total energy input is 729 kWh/t and is for instance in the order 

of magnitude of the before shown energy balances. The part of the heat through metallurgical 

reactions is 30 % and the energy recovered is 31 kWh/t. 

Fig. 13 shows the comparison the energy balances of a conventional electric arc furnace with a 

finger shaft furnace. After that the reduction of the entire energy input of 680 kWh/t results 

around 95 kWh/t on 585 kWh/t. In this presentation the energies which are needed for the off 

gas post combustion remained probably without consideration. The reduction of the specific 

electric energy input leads however to clear increases in productivity of such systems. 

 
Fig. 12: Energy balance of a 60-t EAF with scrap pre-preheating (status: 1990) 



 
Fig. 13: Comparison of the energy balances of a conventional EAF with a finger shaft furnace 

/45/ 
The actual results for energy balances (mean value from 27 charges) of a 100-t-EAF are repre-

sented in fig. 14. The mean values of the mass balances are given in fig. 8 (values in brackets). 

The EAF is characterised by a high specific oxygen rate. The specific power consumption is 

less than 400 kWh/t, the total energy input however is 810 kWh/t; this value is still compara-

ble with the data's of an EAF of 1980 (fig. 10). 

The generation of complete energy balances requires still supplementary measurements at 

EAFs. So additional measurements for the composition (CO, CO2, O2, CH4, H2), volume flow 

and temperature of the off gas at the elbow are necessary. The determination of the moisture 

(H2O) of the off gas occurs from equilibrium calculations. The time dependent composition 

and cooling rate of the cover are given in fig. 15. 

The values of the different efficiencies are listed in table 5. 
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Fig. 14: Energy balance (mean value from 27 heats of a 100-t EAF) - (status: 1999) 

 
Fig. 15: Off gas and cover cooling data depending on the time 
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 status ηN1 = ηN,el ηN2 = ηN,gesl ηN3 = ηN,ges-WRI 

100t-furnace 
structural steel 1980 72,8 53,0  

120t-furnace 
stainless steel 1989 81,5 56,4 61,5 

60t-furnace  
scrap preheating 

1990 89,2 54,6  

conventional furnace 
finger-shaft-furnace 

1998 
97,5 
130 

57,4 
66,7 

 

100t-furnace 1999 101 49,0  

Table 5:Efficiencies of EAF's for the production of different steel grades or with different 
process engineering 

Process and plant technologies influencing the energy balance 

In the following the most important parameters on the energy balance and in particular the 

specific energy input of the electric arc furnaces are supposed to be considered. In fig. 16 the 

factors influencing the energy input of the electric arc furnace are shown schematically. Sub-

sequently these factors are quantified. 

 
Fig. 16: Factors of the specific energy input of the electric arc furnace
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In /18/ the variables of the specific electric energy input were determined with statistical 

methods and the data of 14 EAFs without scrap preheating and with 100% scrap charging. 

The specific electric energy input WR necessary after that shows equation (9). 

 

 
 

1)        supplement 1996 

GE charging weight in t 
GA tapping weight in t 
Gz weight of additions in t 
TA tapping temperature in °C 

tc tap to tap time in min 

MG specific consumption of natural gas of the burners in m3/t 
ML specific consumption of oxygen of the lance in mVt 
MN specific consumption of oxygen for CO-post combustion in m3/t 

An modified formula of this equation is published from Kohle in 2000 /47/ (9a) 

 

GDRI weight of DRI in t 
GHB weight of HBI in t 
GHM weight of hot metal in t 
TA tapping temperature in °C 

ts power on time in min 

tN power of time in min 

WV energy losses (if measured) with mean value Wvm 

Additions 

The influence of the variation of metal charge by scrap and alloys on the specific energy input 

is described in (9), (9a) due to a statistical analysis of data from different EAF's. In 719/ the 
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behaviour of different scrap grades with different densities is represented onto the yield as 

well as the energy input (fig. 17). By the smaller yield of scraps with lower specific weights an 

increased mass input is necessary, that takes effect in an additional input of energy. From 

these data a similar term can be determined from 850 kWh/tx(GE/GA-l). 

With the application of sponge iron the electric energy input will increase with a higher part of 

the sponge iron (approx. 1 kWh/% sponge iron) and decrease with a lower degree of metalisa-

tion (+5,5kWh per 1 % smaller degree of metalisation) /20/. The specific energy input can be 

lowered by the addition of solid and/or liquid pig iron. In /21/ a specific decrease of the energy 

input of 3 to 4 (kWh/tliquid)/% liquid pig iron is indicated. This is equivalent to 

 

 

For the additional oxygen input no data are given. 

 
Fig, 17: Effects of the material input onto the specific electrical energy input of the electric 

arc furnace 
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Influence of the furnace size 

For a number of investigated electric arc furnaces with capacities of 2 to 120 t both the spe-
cific energy input (total energy, electric energy) and the values of the already defined efficien-
cies are given in fig. 18 related to the mass input /11/. The small EAFs (m < 40 t) are fur-
naces in foundries. In these furnaces mostly a more extensive metallurgy is necessary because 
the melt is prepared completely in the furnace. The larger furnaces are marked with an inten-
sive secondary metallurgy. The energy input decreases with increasing furnace size.  

 

Fig. 18: Energy efficiencies of different size electric arc furnaces 

Supplementary energy 

An essential aim of modern electric arc furnaces is the increasing of the productivity through 

increased power supply. Additive energies are fed to the EAF by fiiel-oxygen-burners as well 

as oxygen lances in addition with coal injection. 
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Fuel - oxygen - burners 

The application of fuel - oxygen burners, that are mainly operated with the oil or natural gas, 

is to be seen under the following aspects: 

• Increased productivity of the furnace system in the melting period (additional energy input 

by fuels) 

• increasing the thermal symmetry of the AC-EAF during the melt down period 

• energetic improvement of the melting process. 

With the application of these technologies it is to be noted that an increase of the specific off 

gas volume occurs. Through the decrease of the combustion efficiency of the fuel - oxygen -

burners with advanced melting time (fig. 19), the operating period of fuel - oxygen - burners 

is limited on the start period of the melting process. The added specific natural gas is 3,5 to 6 

m3/t. This corresponds to a specific energy input of approx. 30 to 50 kWh/t /18,22/ at a net 

calorific value for natural gas of hu = 32,6 MJ/m3 (hu = 9,05 kWh/m3). Studies for the deter-

mination of the substitution potential of the electrical energy by fuel oxygen burners at a 100-t 

UHP EAF showed, that the sum of the specific energy input from electrical energy and fuel 

energy increases only slight (fig. 20) /23/. Thus the necessary electrical energy input reduces 

at 7.3 and/or 8.4 kWhei/m3 EG (cf. (9) ). 

Fuels:    Natural gas, light oil, coal 
Fig. 19: Fuel-oxygen-burner 
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Fig. 20: Effects of different specific natural gas inputs of jet-burners 

A further possibility for the substitution of electrical energy through fossil fuels consists in the 

combustion of coal with oxygen. In /24-26/ is reported on experiments at an experimental 

furnace as well as at a 150-t EAF. For a 150-t EAF with a specific coal input of 6.5 kg/t (hu = 

9.4 kWh/kg) a reduction of the electrical Energy input of 46 kWh/t is indicated This corre-

sponds to an equivalence value of 7 kWhel/kgcoal. Own studies for the melting of stainless 

steels confirm these values. The effect of the energy input with coal (Aecoai) onto the reduction 

of the electric energy consumption (∆eel) conducts according to /25,26/ 

 

 

The combustion efficiency for anthracite coal with the parameters air number and/or the ratio 

CO/CO2 is plotted as a function of the temperature of the off gas in fig. 21. For an estimated 

efficiency of the electrical energy input ηel  < 0,93 from eq. (10) results an average combustion 

efficiency of 0,7. 
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Fig. 21: Combustion efficiency for anthracite coal 

Oxygen - Metallurgy 

The application of oxygen (fig. 22) performs an essential contribution to an increased produc-

tivity of electric arc furnaces. The fuels are carbon, iron, silicon, manganese as well as oils 

and greases and organic constituents of the scrap. The aims of the oxygen metallurgy are: 

• increase of the productivity, 

• decrease of the specific electric energy input. 

As the energy flow diagram (fig. 12) shows, up to 30 % of the energy input can be provided 

through exothermic reactions. The most important chemical reactions are listed in table 4. For 

the reduction of the electric energy input a value of approx. 2.5 kWh/m3O2 is indicated in 

/7,22/. This value results from the non-complete combustion of carbon to carbon monoxide. 

Fig. 23 gives higher values from of 3 to 5 kWh/m3O2. This values can be explained with the 

reactions of oxygen with iron (table 4). In (9) a value of 4.3 kWh/m3O2 is considered. Addi-

tionally to the costs for the oxygen also the primary energy use for the production of the oxy-

gen of 1,9 kWh/m3O2 is to be considered. 

CO-post combustion 

In the off gases of the EAF are according to the state of the melting process concentrations of 

CO to 25 %, of CO2 between 15 and 25 % as well as H2 to 10 % occur in the case without 

CO-post combustion /27/. For increasing the oxygen input of 4 to 10 m3/t a reduction of the 

specific electric energy input by 15 to 18 kWh/t can be realised (table 6). 



 

 
Fig. 22: Effects of additional energies on the electrical energy input for the EAF 

 

Data before after before after before after before after 
Spec, apparent power 

(kVA/t) 730 730 860 860 715 
HP 

715 
HP 

580 
LP 

580 
LP 

Natural gas 
(Nm3/tKn.) 5,3 3,6 - - 4,5 5,1 5,6 5,8 

Oxygen 
(Nm3/tKn.) 35,6 45,6 14,0 32,0 27,2 32,7 33,6 37,1 

Carbon 
(kg/tKn.) 12,6 11,8 2,0 7,0 10,3 10,0 10,1 10,0 

N of injectors - 4 - 6 - 6 - 6 
Stirring gas - - N2 N2 N2 N2 N2 N2 

Tap-to-tap (min) 51,5 47,8 64 58 61,3 57,7 70,8 67,3 
Power on time (min) 40,5 36,8 46,0 40,0 48,2 44,9 57,5 52,4 

El. Energy 
(kWh/t Kn.) 372 347 447 403 408 384 377 359 

HP = high power LP = low power 

Table 6:Results with ALARC-PC™ CO-post combustion /28/ 
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Fig. 23: Development of oxygen-technology at BSW /28/ 

Ladle furnace 

In secondary-metallurgical treatment lines in EAF steel mills ladle furnaces are state of the art 

(fig. 24). The decrease of the tap temperature of the EAF (fig. 25) at simultaneous reduction of 

the alloy addition into the EAF feeds to a clear increase of productivity of the EAF. 
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Fig. 24: Process technology of secondary metallurgy
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Fig. 25: Variation of the temperature of the melt during the ladle furnace treatment 

From the energetic viewpoint a reduction of approximately 10 kWh/t of electrical energy re-

sults for a combination of EAF and LF. On one hand side there is an energy consumption of 

30 kWh/t of the ladle furnace and on the other hand side a reduction of 40 kWh/t of electric 

energy for the case of a 100-t-EAF resulting from the decrease of the tapping temperature by 

60 K (table 7). 

From that an efficiency of η=30% of the EAF calculates for this temperature range with a spe-

cific heat capacity of the liquid steel of c = 700 J/kgK. The energy consumption for the in-

crease of the temperature of the melt of around ∆T=10K is 6.6 kWh/t. The reduced electrode 

consumption for the EAF is compensated by the corresponding electrode consumption of the 

ladle furnace/39-41/. 
 

Decreasing of tapping temperature 60 °C 

Reduction of the electric energy into the EAF -40kWh/t 
Electric energy input of the ladle furnace (LF) + 30 kWh/t 
Shortening of the ,,tap-to-tap"-time 8 min 

Increasing of the productivity 7t/h 

Decreasing of refractory-consumption 1 kg/t 

? electrode consumption EAF + LF ± 0 kg/t 

Table 7: Advantages with the application of a ladle furnace in EAF steel plants - typical val-

ues for 100t-heats - 
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Bottom stirrer 

The bath flow can be improved by bottom gas stirring elements in the EAF. Through that a 

reduction of the energetic and metallurgical non-equilibrium's in the melt results. The advan-

tages of the bottom gas stirring are (fig. 23): 

• lowering of the specific energy input 

• decrease of the melting time 

• more homogeneous melts concerning temperature and composition 

• metal - slag reactions are nearer at the equilibrium 

As an order decreases of the tap temperatures are indicated in the literature by 7 °C for struc-

tural steels /29/ and 32 °C for stainless steels /30/. Through that a decreased specific energy 

input of 10 to 20 kWh/t /29/ results. Different types of bottom gas stirrers are shown in fig. 26. 

 

Fig. 26: Types of bottom gas stirrers for EAFs
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Optimisation and further use of the off gases 

The off gas losses of electric arc furnaces to the environment are 80 to 170 kWh/tliquid. For the 
use of this energy recuperation measures are practised using the enthalpy of the off gases di-
rectly (scrap preheating) or non-direct (steam cooling). Through that the off gas losses become 
smaller onto the environment than the ones directly emitted from the EAF. 

For the order of priority of industrial energy saving measures the following possibilities result 

especially for the electric arc furnace (table 8): 

1. energetic process optimisation due to the reduction of the off gas losses through the im 

provement of the off gas suction and/or CO post combustion 

2. energy recuperation (process intrinsic use) through scrap preheating 

3. energy recuperation (factory intrinsic use) through process steam generation 

4. energy recuperation (external use) through hot water cooling for house heating 
 

 energy recuperation cost effective-
ness 

investment examples for the EAF 

1 energetic process op-
timisation 

high low Process organisation  
Substitution of electric energy by 
fuels / O2  
Plant optimisation 

2 energy recuperation 
(process intrinsic use) 

high medium Scrap preheating  
New furnace concepts with inte-
grated scrap preheating 

3 energy recuperation 
(factory intrinsic use) 

medium medium Steam generation for internal use 

4 energy recuperation 
(external use) 

low high Steam generation for external use 
(district heating) 

Table 8: Order of priority for the realisation of industrial energy saving measures 

Optimisation of the off gas suction 

As already was shown, the off gas energy is between 15 and 20 % of the total energy input. 
The off gas volume flows are to be adjust on values, that the specific dust being exhausted is 
in the range from 12 to 15 kg/t for structural steel grades and 15 to 18 kg/t for stainless steels. 
Since the part of the off gas volume flow is time-dependent, an energy saving potential of ap-
prox. 15 kWh/t can be opened through an optimised off gas control system based on a fume 
detector (fig. 27) /31/. 

Scrap preheating 

The scrap preheating (fig. 28) is an energy recuperation measure which influences the energy 
balance and the productivity of the electric arc furnaces directly positively. Next to the ad- 
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vantages as decrease of the specific energy consumption, shortening of the melting time, low-
ering of the electrode consumption as well as drying of the scrap the pollutant formation 
through non-metallic constituents containing in the scrap can be a disadvantage. Often sup-
plementary measures are necessarily for the fulfilment of legal rules. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 

Fig. 28: Basic principles for the energy recuperation from the electric arc furnace 
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At the beginning of the seventies fossil fuels as oil or natural gas with the price advantage 

compared with electrical energy were used for scrap preheating. Today mainly the enthalpy of 

the directly exhausted off gases are used (fig. 29). During the consideration of the available 

off gas potential for scrap preheating (fig. 10 to 12) it must be considered that the off gases are 

not completely exhausted directly by the fourth cover hole (elbow). The part of the indirectly 

exhausted off gas is about 20 to 30 % of the total off gas. An overview of the achieved reduc-

tion of the electrical energy input shows fig. 30. The energy saving potential is 40 to 50 

kWhel/t for conventional scrap preheating systems. 

Fig. 29: Principle scheme of scrap preheating with off gases from EAF 
 

 Fig. 30: Decrease of specific electrical energy input from scrap preheating 
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With integrated systems (e.g. Shaft Furnace) up to 80 kWhel/t can be saved. These values are 

valid for the condition, that no supplementary measures are necessary from environmental 

control reasons. For the compliance of the legal rules the off gases must be burned after. This 

is necessary because the low temperature off gases contain pollutants, as hydrocarbons (VOC) 

and carbon monoxide. About the energy necessary for the post combustion there are only 

small information. 

Others 

Other technologies for the energy optimised EAF process like 

• tapping technology 
• energy recovery from the EAF-cooling systems for 

 

♦ process steam (Fig. 31) 
♦ heating energy (Fig. 32) 

• use of slag enthalpy 
are described in /17/. 

 

Fig. 31: Steam cooling of the UHP furnace of KruppThyssen Nirosta GmbH 



 

Fig. 32: Energy recuperation with hot water cooling at the electric arc furnace 

Summary and outlook 

Actually the development of EAF's with integrated scrap preheating system are state of the 

art. Different designs as the ConSteel Furnace (energy saving of approx. 80 kWh/t /7/), the 

shaft furnace (saving electric energy of approx. 80 kWh/t /37/) and/or the twin shell shaft fur-

nace, (fig. 33) (electric energy consumption of approx. 330 kWh/t /42/) as well as the IHI fur-

nace from Tokyo Steel are already implemented. 

Further techniques in the stage of development are for example the Comelt-electric arc fur-

nace /43/ and the Contiarc scrap melting technique (fig. 34 /44/). With the Comelt technique 

the scrap is melted with 4 direct current electrodes. Above the furnace hearth a scrap filled 

shaft is located. Through that the off gases leave the furnace. The energy saving potential 

with regard to the total energy consumption is indicated with approx. 100 kWh/t. This tech-

nique development was stopped in the meantime. 

The Contiarc process is a continuously operating ring shaft furnace heated with a centrical 

direct current arc. Through the good hooding only small false air entry is expected and the off 

gas results mainly from the metallurgical reactions. An electric energy input is expected by 

250 kWh/t if additionally about 70 kWh/t are fed by primary energy. This corresponds to a 

lowering of the energy input of approx. 200 kWh/t in comparison with a modern Electric arc 

furnace without scrap preheating. 

It is to be expected that supplementary energy for the post combustion of the furnace off gases 

is necessary. 
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Fig. 33: Realised EAF concepts /46/ 
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Fig. 34: Future EAF concepts /46/ 
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1    Introduction 

The electrode controller is an essential component for the operation of any arc 
furnace. Its purpose is to maintain the furnace working point demanded by the 
operator. This task can not be done by the controller on its own. The proper function 
and coordination of several components is rather necessary for an optimized arc 
furnace process. The most important preconditions are: 
• Sufficient power supply from the mains, 
• Proper design of mechanical, hydraulical and electrical components, 
• Correct   selection   of   the   controller   setpoint   under   consideration   of   the 

requirements of the mains, the furnace shell, the furnace transformer as well as 
the type of scrap to be melted. 

Various different requirements are competing with each other and with the physical 
possibilities. Some of them even rule out each other. 

Fig. 1 demonstrates the position of the electrode controller ih the focus of various 
interests surrounded by requirements in different fields. Thorough consideration and 
coordination is necessary to achieve an optimum of furnace operation result. These 
aspects shall be highlighted during the paper. 

 

Fig. 1   The electrode controller in the focus of various interests 
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Basic features of a digital controller will be explained. Its general tasks as well as 
their limits, but also the possibilities for an extension of these tasks by means of 
automation equipment will be shown. 

2    What can the electrode controller do? 2.1    

The Arc Furnace System 

The intention using an electric arc furnace is to melt down scrap in the shortest 
possible time consuming the least possible energy. This is done with the heat of an 
arc with appropriate power and length. The position and integration of the electrode 
controller within the arc furnace system is shown in Fig. 2. 

 

Fig. 2   Block diagram of the arc furnace system 

Please note that there are only a few components / signals which have a direct 
interface with the controller. The mech./hydr. actuators and the working setpoints 
have the highest priority and require a detailed consideration and coordination. The 
reliable measurement of voltage and current is an inevitable precondition for the 
proper function of the controller. Other process data can be taken into consideration 
as far as they are available as characteristic electrical signals. 

2.2    Hydraulic electrode positioning 
The adjustment of the arc length is done by positioning of the electrodes. 
Considerable masses have to be moved by means of hydraulic equipment which 
influences the furnace operation as well as the controller design. See Fig. 3 for a 
typical hydraulic diagram for the movement of one electrode. 
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2.2.1   Selection of the control valve 
 

The control valve is the only 
component which is directly influenced 
by the electrode controller. It has to fit 
to both the controller and the masses 
to be moved. 

There should be a proper correlation 
between both the range of the 
controller's output signal and the 
desired electrode speed during 
regulation mode. The maximum speed 
should be achieved at approx. 80% of 
the output range. Over-sizing causes 
an operation around the zero point 
where special conditions are ruling 
(see above). Higher electrode speeds 
for manual operation can better be 
achieved using a by-pass. 

Fig. 3   Typical hydraulic diagram for the 
positioning of one electrode 

Furthermore, the valve characteristic 
should be linear over the entire range 
(see Fig. 4). A sharp bend in the curve in 
order to speed the electrode up in critical 
situations is rather a disturbance and is 
critical itself. If a significant non-linearity 
can not be avoided the output signal 
according to Fig. 6, line (2), should be 
further processed to compensate this. 

The valve response time is also a very 
important feature. A typical figure is 
20-80 ms (equals 1-4 AC cycles!) from 
closed to open position (see Fig. 5) while 
an electrode including support structure 
can be accelerated from zero to 80 mm/s 
within 100-500 ms, at the best. 

Fig. 4   Servo valve characteristic 
[Reference: Rexroth] 
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Fig. 5   Step-response of a servo valve 
[Ref.: Rexroth] 

In addition, the system comprising mechanical masses and compressible hydraulic 
fluid is an oscillator. Its resonance frequency is depending on the size of the masses, 
the dimensions of the electrode support and the length of the hydraulic pipes. A 
typical figure is 2-7 Hz. In order not to initiate oscillations during acceleration the 
control signal has to be damped. The signal slope should not be shorter than 300 ms. 

2.2.2   Adaptation of the control signal to the valve 
Principally, a P-controller can be used with good results of the furnace operation. The 
controller output is proportional to the deviation from the setpoint. With a constant 
gain Kp the graph is a straight line (graph 1 in Fig. 6). 

Close to the zero point the signal has to be adapted to the characteristics of the valve 
(graph 2 in Fig. 6). These are: 

Proportional and servo valves do not close completely in neutral position. Due to its 
weight the electrode moves down even though there is no control signal for the valve. 
This movement is compensated by an offset (a) which, however, can be adjusted for 
the present electrode weight, only. Movements as a consequence of different 
electrode weights after burn-off or nippling are of minor importance and can be 
disregarded. The same applies to the dead-band of the valve (b) where significant 
flow is not achieved with very low deviation of the valve piston from the neutral 
position. 

On the other hand electrode movement with very low deviations from the setpoint 
shall be suppressed. Therefore, a dead-band of the controller can be adjusted (c). 
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Fig. 6   Controller Output (1) and Actuating Signal (2) of the Electrode Controller 

The correct signal for maximum electrode speed during regulation mode can be set 
by automatic adjustment moving the electrodes repeatedly up and down between the 
upper and lower limit switches. Linear interpolation defines the graph between the 
maximum and the respective offset. Different slopes for raising and lowering may turn 
out. The weight of the electrode arm and friction of the system is compensated 
automatically. 

2.3    Controller tasks 
Some basic features of an electrode controller are essential in order to allow a proper 
furnace operation and to avoid damage to its electrical and mechanical components. 

Under the consideration that the electrode controller can only act by means of the 
measured voltage and current it can only perform such tasks which are directly 
related to these variables. Principally these are limited to 
• start arc ignition avoiding electrode breaking, 
• avoid short circuit, 
• move the electrode in order to meet the controller setpoint. 

2.3.1   Arc ignition 
During the furnace start a safe arc ignition must be done. First all electrodes are 
lowered at the same time. While the first one hits the scrap it is stopped when its 
voltage is close to zero. Further lowering would either break or dip the electrode. As 
soon as the circuit is closed when the second electrode touches the scrap both are 
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raised again until the current meets the controller setpoint. So does also the third 
electrode. 

The same procedure takes place during the furnace operation when the arc is 
lengthened or even extinguished due to collapsing scrap. The concerned electrode is 
lowered until the arc is ignited and/or the setpoint has been recovered again. 

If an electrode should meet non-conducting material (e.g. a pile of lime) in the scrap 
while it is lowered for ignition the necessary voltage and current signals are not 
available. Further lowering would lead to an electrode breaking and must be stopped. 
This situation is recognized by a pressure switch detecting a low pressure in the 
electrode lifting cylinder. The controller then raises the electrode again and starts 
another attempt for ignition. In case of repeated failures the furnace control has to 
interrupt this procedure. 

2.3.2   Avoid short-circuit 
If collapsing scrap causes over-current or short-circuit the corresponding electrode is 
raised with maximum speed. Because of the coupling between the currents also both 
other phases are involved in the over current. Therefore it is useful to raise all 
electrodes for a quick elimination of the over current. 

Very often over-current or short-circuit occurs when the arc burns a narrow shaft into 
the scrap which suddenly collapses and hits the electrode in an upper area. Usually 
the electrode speed is not sufficient to reduce the current before the furnace breaker 
trips. This is not an insufficiency of the regulator neither an inevitable event. Not the 
effect but the cause must be fought, namely by an earlier change of the working point 
from short to longer arc thus melting the scrap in a greater area. 

The furnace breaker trip current is depending on the characteristic of transformer, 
switch gear and trip relay. A proper design and adjustment should be done before the 
electrode controller is used for optimization. 

2.3.3   Avoid resonance 
The natural frequency of the vertical oscillator "electrode arms / electrodes / hydraulic 
fluid" is approx. 2-7 Hz. The electrode current is modulated with the same frequency. 
Filters for the controller output signal shall suppress this modulation in order to avoid 
damage to the electrodes and arms by resonance. 

2.3.4   Avoid dipping of eiectrodes 
In order to avoid dipping of the electrodes into the bath the arc impedance must 
never become lower than the short-circuit impedance. Therefore the electrodes are 
raised when the impedance falls below a preset limit giving an alarm to the operator. 
This case is of relevance at smaller furnaces like ladle furnaces where the operating 
voltage is low and dipping is unacceptable because of contamination of the steel. 
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2.3.5   A void hot spots 
The electrode controller can not avoid hot spots by its own, but the operator can 
avoid them by means of the controller. Excessive heat radiation upon the furnace 
wall is a consequence of a non-adequate working point. As soon as a protective layer 
of scrap has been molten down and gives way for the radiation to the wall a new 
working point with lower power and/or a shorter arc must be selected. This can be 
done manually by the operator according to his discretion or by an automation 
system. In that case the temperature monitoring of the cooling water and/or the 
calculation of the refractory wear index gives a feed-back for the preset of a new 
working point (see also chapter 4.3.2 below). 

Especially during the liquid phase of the heat, depending on the type of steel to be 
produced, foaming slag is built up. This covers the arc at least partially in order to 
maintain the high power without damaging the furnace. 

3    What does the electrode controller control? 

3.1    Working point of the furnace 
For the performance of its original task 
the controller needs a working point. 
This is represented by the electrical 
data of the desired arc. In order to 
define these data knowledge of the 
equivalent circuit diagram is inevitable. 
During lots of scientific investigations it 
was tried to establish an equivalent 
circuit diagram which describes the 
furnace process reliably. For the results 
and the difficulties concerning non-
linearity, asymmetry, time-variance and 
electromagnetic coupling please refer to 
other papers of this seminar. 

Fig. 7   Simplified equivalent circuit diagram 
of the electric arc furnace 

For consideration of the electrode controller we may use the simplified equivalent 
circuit diagram (Fig. 7) where 

• all reactances are represented by the reactance of the high current conductors Xi 
• all resistances are represented by the resistance of the high current conductors 

Rvi 
• the electric arc is similar to a resistance RBI and is proportional to its length, 
• all components are linear and time-constant, 
• the three phases are independent from each other. 

Thus, the furnace process is characterized by the circle diagram in Fig. 8. A working 
point can only be on a line of constant voltage within the limits of the working area. 
These limits are: 
(1) max. electrode current according to the design of transformer and conductors, 
(2) max. apparent power supplied by the transformer, 
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(3) max. secondary voltage, 
(4) limit of stable arc (max. cos(p), 
(5) min. secondary voltage, 
(6) short-circuit line (min. cos cp). 

 

Fig. 8   Simplified circle diagram of an AC arc furnace 

For the furnace operation the user has to select at least one working point per 
voltage tap which is in accordance with the production requirements. This working 
point of the furnace defines voltage and current and consequently the dependent 
values active power, reactive power and cosφ / arc length. 

3.2    The controlled variable 
In order to achieve the desired process parameters one of them has to be defined as 
the variable to be controlled. Since electrode voltage and electrode current are the 
only values available by measurement the basic controller setpoint is a current 
reference and the deviation D = l - lref is compensated by the controller. In practice 
there are two options for lref: 

3.2.1   Current control 
lref may be the requested electrode current which is entered as the setpoint lset for 
each transformer tap. That means that the controller operates in current control mode 
compensating the deviation D = l - lset for each phase. Because of the coupling 

3 

between the phases due to ∑ ij= 0 current control is of limited use, only. It is an  
       j=1 
alternative solution in order to meet special side conditions like scrap quality or 
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stability of the power supply which should be checked during commissioning. 
However, it may be advantageous during overheating of liquid steel after melt-down 
or in ladles. Especially with single arm ladle furnaces current control is the preferred 
mode. 

  

Fig. 9   Block diagram of a PC electrode controller [Ref.: ET Electrotechnology GmbH] 

3.2.2   Impedance control 
For a better independence of the phases and a more constant arc length lref is 
calculated from the desired phase impedance whereby the controller setpoint 
becomes the impedance weighted with the phase current forming the deviation 

 

The impedance is used as a controller setpoint with broad success. The setpoint  

 
The impedance is used as a controller setpoint with broad success. The setpoint Zref 
is based on the phase-to-phase voltage Upp and does not suffer from wide 
fluctuations of the phase voltage especially during the melt-down period. Fig. 9 
shows the block diagram of a PC based electrode controller. 

3.3    The controller setpoint 
The controller setpoint is defined by the secondary current of each voltage tap and 
implies the desired process data like arc length, coscp, active and reactive power. 
These U-l-couples are taken from the furnace circle diagram and stored in the 
controller. The more realistic the circle diagram is the smaller is the deviation of the 
furnace working point from the controller setpoint. 
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Fig. 10 Controller setpoint characteristic 

A typical controller characteristic for a ladle furnace is shown in Fig. 10. Each point of 
these curves is a controller setpoint according to the relevant phase voltage. The 
desired process data belonging to the selected points are listed in Table 1 in the 
annex. 

During impedance control a new controller setpoint is calculated by interpolation if the 
actual phase voltage differs from the scheduled one. The actual voltage and the 
current according to the curve are used. Thus, the setpoint is moving along the curve 
according to the voltage fluctuation. During current control the setpoint for each 
voltage tap remains constant independent from voltage fluctuations. 

In order to approach the operating voltage as much as possible the setpoints should 
be entered under consideration of the transformer and mains instead of the rated 
values. Several curves may be defined representing a different arc length. 
Comparing with the furnace circle diagram: Vertical movement of the curve means 
shifting the furnace working point along the voltage circle. 

The working point of the furnace is subject to a permanent variation by moving scrap 
within the total range between no-load and short-circuit operation. Additionally, 
fluctuation of both power supply and furnace reactance make the circle diagram 
extremely dynamic. The reasons can also be the operation of a neighboring furnace 
or network perturbations caused by others. Furthermore, incorrect design of the circle 
diagram by use of an insufficient calculation model causes the same effects. A 
verification by a short-circuit measurement and an update of the circle diagram is 
recommended during commissioning. Thus, the actual working point may 
accidentally be identical with the setpoint. Usually, however, the actual process 
parameters (U, I, P, Q, cosφ, arc length) do never meet the desired ones exactly. 
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For his reactions the operator has to follow his priorities e.g. for P, Q or cosφ. 
Knowledge about the furnace behavior as a consequence from the control mode in 
use is of high importance. Table 1 in the annex demonstrates how process 
parameters change with voltage or system reactance. The following results can be 
seen (AP1, tap 7): 

A) With lower voltage and 
a) Impedance control (see also annex 1) 

a working point turns out which has 
* a lower current, 
* a lower arc power, 
* but an almost unchanged cosφ. 

b) Current control (see also annex 2) 
a working point turns out which has 

* the same current, 
* a lower arc power, 
* and a lower cosφ. 

B) With lower system reactance and 
a) impedance or current control (see also annex 3/5) 

a working point turns out which has 
* the same current, 
* a higher arc power, 
* and a higher cosφ. 

C) With higher system reactance and 
a) Impedance and current control (see also annex 4/5) 

a working point turns out which has 
* the same current, 
* a lower arc power, 
* and a lower cosφ. 

Surprising effects may come up using higher voltage taps if the setpoint characteristic 
has a negative slope because of the limited capacity of the furnace transformer: 

D) With lower voltage and 
a) Impedance control (see also annex 6) 

a working point turns out which has 
* a significantly higher current, 
* a lower arc power, 
* but a lower cosφ. 

b) Current control (see also annex 7) 
a working point turns out which has 

* the same current, 
* a lower arc power, 
* and a lower cosφ. 

It is important to know that the electrode controller can not compensate these 
deviations in such a manner that all parameters can be recovered again. Therefore 
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priorities must be set defining optimization criteria.  For the possibilities of an 
enhanced controller refer to chapter 4.3. 

3.4    Measuring actual voltage and current 
The values of voltage and current necessary for the calculation of the setpoints are 
easily available. It is sufficient and economical to measure on the low voltage side of 
the transformer and to take the r.m.s. values. 

The electrode voltage is taken directly from the secondary bus bars in the 
transformer room. It is then being transformed to the signal level needed for the 
regulator. 

The    electrode    current    can    be 
measured with current transformers on 
either side of the transformer. As an 
alternative Rogowski Coils have 
proven to be reliable sensors for the 
current. They provide an induced 
voltage proportional to the current 
through the surrounded conductors. 
The measuring signal does not suffer 
from saturation effects because there 
is no iron core. It also comprises 
harmonic currents due to its wide band 
characteristic. Easy installation, even 
after the furnace erection, is one more 
advan tage    ve rsus        cu r ren t  
transformers. An example is shown in 
Fig. 11. 

F
ig. 11 Rogowski Coils at the high 
current tubes of an AC EAF 

4    Optimization criteria 

Looking for optimization criteria from the controller's point of view we check the 
function blocks in Fig. 2 : 

4.1    Mechanical and hydraulical design 

We may assume that the mechanical design reasonably meets the process 
requirements. A further reduction of the masses to be moved, as far as possible, 
would be advantageous. 

As shown in chapter 2.2 the total response time for a jump-like control signal is 
determined by the mechanical parameters and is much longer than 100 ms. That 
means 
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• The valves used are fast enough. Further speed-up would not bring a benefit. 
• Cycle times of the controllers used are short enough as well (approx. 20 ms). No 

demand for faster processors is justified for pure control purposes. 

Furthermore assuming that the valve characteristic meets the requirements there is 
no major potential for an optimization of the electrode control by the hydraulical 
equipment. 

4.2 Power supply 
The power supply by the furnace transformer may be expected to be as stable and 
free of losses as possible. Other design criteria are not relevant for the control 
aspects. 

The availability of a reactor with on-load tap changer is one measure to optimize the 
furnace control. It is used for improved arc ignition and stabilization of the working 
point. On the other hand it causes a reduction of the power factor coscp resulting in 
lower active power. Therefore, the furnace process is started with high reactance 
which is lowered step by step during the heat. 

The criteria for a change of transformer and reactor are based on the operator's 
experience. Further support can be given by automation equipment (see below). 

4.3 Enhanced controller 
Digital controllers based on PC's or PLC's have proven to be reliable components. 
The variables and algorithms used as described above are sufficient for the 
application and do not need major improvements. 

The quality of the electrode control is rather essentially depending on a reliable input 
to the controller, mainly concerning 
• acquisition and evaluation of voltage and current signals, 
• acquisition and consideration of peripheral process signals, 
• selection of adequate furnace working points by the process management. 
Some of these requirements can be supported and improved by automation systems 
either connected to or integrated in the electrode controller. 

4.3.1   Measuring and processing of voitage and current 
Since voltage and current are the only process signals available for the electrode 
controller an adequate measuring system for reliable values is of highest importance. 
While the acquisition of these signals is relatively easy their processing causes major 
efforts but also provides more process information useful for an improved electrode 
control. Data acquisition by means of a Digital Signal Processor and storage of a 
wide history in a data base are preconditions for an adequate evaluation. Here some 
options which are being preferred differently by various suppliers: 
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(1) Calculation of the actual furnace reactance, 
(2) Mathematical modeling of the furnace process, 
(3) Neural modeling of the furnace process, 
(4) Performing a harmonic analysis of the electrode current, 
(5) Statistical evaluation of suitable process data. 

Comparing the planning and actions for a melt discloses the possibilities of 
optimization by an automated mode. Traditionally the operator defines a power 
diagram as the schedule for the course of the heat based on a static circle diagram. It 
provides the schedule for the selection of the transformer tap (Fig. 12 a) and the 
reactor tap (Fig. 12 b), if a reactor is available, during the heat. 

As mentioned above already 
even an experienced operator 
can only try to make the best 
selections and keep them for 
specific periods during the heat. 
Permanent judgment of the 
furnace performance is 
necessary. But he is not able to 
follow the dynamic change of the 
process data. This can rather be 
done with a suitable automation 
system, only. Therefore, also 
permanent information about the 
actual conditions of the heat 
must be made available. 

Fig. 12 Typical heat schedule 

4.3.2   Transformer Tap Control 
The transformer tap is the basic means of defining the active power to be brought 
into the furnace. Its selection has to be made not only in accordance with the 
metallurgical requirements but also under the consideration that the furnace wall and 
roof do not get damaged by overheating. In order to avoid such "hot spots" the wall 
temperatures must be monitored and evaluated. The better the expected 
temperature can be estimated the more precise the moment of switching the 
transformer tap can be defined. Thus high power can be maintained longer without 
causing damage to the furnace. 
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A mathematical or neural 
model can be used to "predict" 
the temperature characteristic 
(Fig. 13 shows the principle in 
a simplified manner). The feed-
back is used for an update and 
improvement of the controller 
setpoint. As an addition to or 
an alternative for the 
temperature the Refractory 
Wear Index (RWI) can be 
calculated representing the 
heat load upon the furnace 
wall. 

Fig. 13 Simplified block diagram for the "prediction" of 
the wall temperature 

Additional heat sources other than the electric arc, like burners and injection lances, 
have to be considered separately to let the electrode controller act properly. 

4.3.3   Reactor tap control 
Fig. 14 shows the ground wave content during melt down of scrap / DRI for structural 
steel in the ISPAT-HSW furnace. Characteristic levels can be seen during specific 

intervals. These have 
been taken as an 
indication for a need of 
reactancefor 
stabilization of the arc. 
With increasing ground 
wave content (= 
increasing arc stability) 
t h e  r e a c t a n c e  i s  
reduced stepwise. 
 

Fig. 14 Current ground wave content during melt down 
[Reference: ISPAT-HSW] 

Fig. 15 shows the corresponding relation between g and each available reactor tap. 
The Hysteresis cares for a minimum of switch operations. Thus the use of the reactor 
could be minimized increasing the power input to the furnace while the arc was 
stabilized by the reactor. 
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Fig. 15 Reactor control depending on the current ground wave content 
[Reference: ISPAT-HSW] 

The correlation between the ground wave content and the furnace reactance may not 
always be so strong as indicated in Fig. 14. It might vary from furnace to furnace 
depending on the type of scrap, the steel produced, the possibility of creating 
foaming slag or other reasons. Additional information about the heat status may be 
obtained by statistical evaluation e.g. the standard deviation of the controller setpoint 
as shown in Fig. 16. This helps to switch the reactor in an optimum point of time. 
 

Fig. 16 Standard deviation of the electrode current from the controller setpoint 

4.3.4   Dynamic controller setpoint 
As shown above on each transformer tap a number of working points of the furnace 
can be selected within the allowed range. All furnace parameters (U, I, P5 Q, arc 
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length/cosφ) are defined by the working point. It was also shown that the actual 
values differ from the desired ones more or less. For the definition of the correct 
working point both knowledge of the actual one and the consequences of the 
desired one is necessary. 

By means of the actual voltages and currents the actual working point can be 
calculated and evaluated. Permanent re-calculation of the circle diagram allows to 
display the same in a graphic which eases the overview about the heat status for the 
operator. If there is an unacceptable deviation an updated working point should be 
preset. 

For an automation system also 
here two options are available. 
Either a mathematical model or a 
neural network can be used (see 
Fig. 17 for the simplified 
schematic). Both methods shall 
give a feed-back for an update of 
the controller setpoint. Thus a 
permanent adaptation of the 
furnace working point is done 
which is aiming for an optimum 
power input. 

Fig. 17 Simplified block diagram for the "prediction" of 
the furnace parameters 

Please remember that no parameter can be changed without changing the other 
ones as well. Therefore the working point has to be selected under consideration of 
priorities and definition of an optimization strategy. In order to make the complexity 
clear again Fig. 18 shows the complex correlations between the working point setting 
and the consequences upon the furnace process. 

In the general case maximum active arc power has the highest priority. It defines a 
single point on each voltage circle if the the voltage is set manually. With automatic 
tap changing there is only one point in the entire circle. All other parameters are 
depending on this point. These might include some with unwanted side effects like 
high electrode consumption or heat load on the walls (RWI). Thus, a high power input 
would be paid with electrodes or refractory material. 
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Fig. 18 Complexity of correlations between working 
point and furnace process parameters 

In order to find not only the maximum but the optimum a tolerance for the active arc 
power must be defined. This allows the working point to move on the voltage circle 
within the defined tolerance. The direction of this movement depends on one or more 
subordinated criteria for which a ranking by weight factors must be done. This can be 
for example the current, the arc length or the reactive power. Latter one is an 
interesting feature under the aspect of flicker reduction caused by the fluctuation of 
the reactive power. The diagram in Annex 8 might demonstrate the wide interval for 
current or arc length opened by a relatively small fluctuation of the active arc power. 
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UN /v U2Of/V l/kA PB/MW Rg/mΩ Xg/mΩ Zg/mΩ P/MW Q/MVAr S/MVA COSφ 

   
Design data:  
Working point on tap 7 

162 142,68 18,15 3,48 3,95 3,30 5,15 3,91 3,26 5,09 0,77 

Assumption:  
UN lowered by 15% 
Impedance control 

137,7 125,29 15,4 2,58 4,06. 3,14 5,13 2,89 2,23 3,65 0,79 

Assumption: 
UN lowered by 15% 
Current control 

137,7 123,2 18,15 2,63 3,1 3,06 4,36 3,06 3,03 4,31 0,71 

Assumption:  
XB lowered by 0,5mΩ 
Impedance and current control 

162 142,68 18,15 3,83 4,30 2,84 5,15 4,25 2,80 5,09 0,83 

Assumption:  
XB raised by 0,5mΩ  
Impedance and current control 

162 142,68 18,15 3,05 3,52 3,76 5,15 3,48 3,72 5,09 0,68 

 
Design data:  
Working point on tap 10 

189 184,73 16,77 4,04 5,83 3,35 6,72 4,40 2,53 5,07 0,87 

Assumption:  
UN lowered by 15% 
Impedance control 

160,7 147,87 17,88 3,42 4,16 3,10 5,19 3,95 2,95 4,93 0,80 

Assumption:  
UN lowered by 15% 
Current control 

160,7 148,58 16,77 3,46 4,53 3,13 5,51 3,82 2,64 4,64 0,82 

Table 1 Process parameters corresponding to diagrams in annex 1-8 
UN           Rated tap voltage R g        Total resistance 
U2Of      Tap voltage during operation       Xg          Total reactance 
PB          Arc power Z g        Total impedance 
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Ref.: page 13. case A, a) 

 



Annex 2  
Ref.: page 13. case A, b) 

 



Annex 3  
Ref.: page 13. case B  

 
 
 
 
 
 
 
 
 



Annex 4  
Ref.: page 13. case C 

 



  

Annex 5 

 
 
 

 



Annex 6  
Ref.: page 13. case D. a) 

 



Annex 7  
Ref.: page 13. case D. b) 

 



Annex 8 
Ref.: page 20 

 



  



 



  



 



 



 



 



 



Steel 
Academy 

 
 
 
 
 
 

International Symposium 

Electrical Engineering of Arc Furnaces 

October, 23 - 26,2006, in Braunschweig, Germany 

Model-Based Control of AC Electric Arc 
Furnaces 

Priv.-Doz. Dr.-lng. Siegfried Kohle, formerly 
BFI Betriebsforschungsinstitut, Diisseldorf 

Steel Academy • Verlag Stahleisen GmbH • SohnstraBe 65 • 40237 Dusseldorf 
Fon +49 (0)211 6707 644 ■ Fax +49 (0)211 6707 655  
info@steel-academv.com - www.steel-academv.com 



 



Dr.-lng. S. Kohle 

Model-based control of AC electric arc furnaces 

1. AC arc furnace as an electrical system 

2. Non-linear equivalent circuit diagram 

3. Linear equivalent circuit diagram 
 

3.1 Origin of arc reactance 
3.2 Arc hysteresis and reactive power 
3.3 Reactance increase from fluctuation 
3.4 Single-phase equivalent circuit diagram 
3.5 Dependence of arc reactance 

4. Arc control for thermal wall load protection 

4.1 Linearised model for electrical variables 
4.2 Control by asymmetrical impedance setpoints 
4.3 Control by asymmetrical transformer voltages 
4.4 Operator display of wall protection control system 
4.5 Statistical results of thermal wall load 

5. Control for electrical stability at high voltage 

5.1 Transfer of arc fluctuation to current fluctuation 
5.2 Selection of furnace operating points 
5.3 Voltage-reactance chart 
5.4 Current-power diagram 
5.5 Furnace operating diagram 

 

6. Summary 

7. References 



- 2 -  

1. AC arc furnace as an electrical system 

SINGLE-PHASE SYSTEM 
 

Resistance R 
Voltage U = R  power  P = R • I2 = U • I   

Impedance Z = R + jX with reactance X 

U=(R + jX) • I P = R• I 2 = U • l • cosφ 

reactive power   Q = √ (U • I)2 - P2 = X • I2   = U • I - sinφ 

phasor diagram circle diagram 

 

Impedances Zn= Rn + jXn   <  
AC calculation, phasor diagram 

Electric Arc Furnace 

fluctuating arc voltages  

non-linear arc characteristic  

mutual inductive coupling → 

arc reactance model 

linear ECD (3-phase) 

non-linear equivalent 
circuit diagram (ECD) 
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2.    Non-linear equivalent circuit diagram [1] 

 
The furnace is an electrical system in star-connection with 
arc voltages uLn line resistances RVn and inductances LVn 

Mutual inductive coupling gives the "error voltage" UOM 

Line resistances and inductances can be measured in 3 
short-circuit tests (2 electrodes dipped into the bath) 



 

• Linear equivalent circuit diagram (ECD) should model 
rooted mean squares of electrical variables per phase 

• Time-invariant, linear elements at sinusoidal voltages: 
→ only periodic, fundamental frequency components of 
original variables can be represented by the ECD 

• Neglecting fluctuation and higher harmonics results in 
acceptably low errors (mainly for the currents) 

• Arc reactances (increased operating reactances) from: 

- harmonics        ?         very low 
- phase shift [3]  ?         highest 
- fluctuations [4] ?          medium
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3.    Linear equivalent circuit diagram [2]



 

• The linear equivalent circuit diagram is restricted to 
periodic, fundamental frequency components 

• Arc reactances result from 
→ phase shift in fundamental frequency components 

of arc voltage vs. current because of non-linearity 
→ increase of reactance (line reactance and first part 

of arc reactance) by fluctuation of electrical variables 

- 5 -

3.1 Origin of arc reactance
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3.2 Arc hysteresis and reactive power [5] 

 

 

 
area of        react, power react, power arc 

hysteresis        of current   of fundamental      reactance 

(≈90% of XL)   harmonics at X0                  frequency comp. 
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3.3 Reactance increase from fluctuation 

  

 

Fluctuation of resistances around mean values: 

R1 = R2 = R3 = RK      short circuit resistance Ro plus RLK 
corr(Rn ; Rm ) = 0;   δ(Rn) = δ (R)         VR= δ (R)/RK  

X1 = X2 = X3 =XK        short circuit reactance X0 plus XLK 

XLK = 0.2 • RLK  arc reactance from non-linearity 
(assumed to be constant) 

Periodic parts of fluctuating currents and voltages give: 

R = RK • (1 - T) decreased      X = XK • (1 + T) increased 

T = 2/3 • cos2φK • v2
R cosφK = f(RK;XK) 

More realistic calculation [6] with correlated fluctuation of arc 
resistances and arc reactances gives similar results 
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3.4 Single-phase equivalent circuit diagram 

power furnace 
supply       transformer 

high current     electric 
lines arcs 

  

Values of the 3-phase linear equivalent circuit diagram 
summarised to collective values [7]: 

 

Total active power P and sum of reactive power Qp are 
measured on EAF transformer primary or secondary side 

Calculated collective reactive power:                from unbalance 

  

Unbalance reactance is low under normal operation 

Power factors depend on applied reactive power: 

• sum of reactive power Qp 
•   collective reactive power Qcp 

• without / with harmonic and fluctuation components 
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3.5 Dependence of arc reactance [5] 
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4.    Arc control for thermal wall load protection [8] 

 

Criteria of control: 

1. control of arcs to prevent high thermal wall load 
2. supervisory current control for high power input 

Available for control: 
 

• impedance steps with correction factors (+/- 20%) 
for nominal impedance setpoint values per phase 

• voltage taps of the furnace transformer 
(per phase if applicable) 

Problems with asymmetrical control: 

• coupling between electrical variables in three phases 



 

Linearisation for mean values (symmetrical operating points) 

describes effects of relative changes in input variables 

• transformer voltages ∆uTm 

• furnace impedances ∆zSm 

on relative changes in output variables 

• currents ∆in 

• active voltages ∆uWn ≈ arc voltages ∆uLn 

• active powers ∆pn 

• arc radiations ∆ren (power x voltage) 

The matrix for the transformer voltages is simple 

The matrix elements for the impedances depend on 
the operating point; typical gain for changes in the 
preceding...        same... following phase: 

V I S V  ≈ 0  VISE ≈ -0.6 VISN ≈ -0.3 

The linearised model has also been inverted to calculate 
relative changes of input variables necessary for control 

-11 -

4.1  Linearised model for electrical variables [2]
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4.2 Control by asymmetrical impedance setpoints 

Change of impedances for lower arc radiation in phase 2 

 

O p e r a t i n g  p o i n t :  9 6 0  V ,  6 3  k A ,  8 2  M W ,  p h a s e  s e q u e n c e  1 - 2 - 3  

Arc radiation is distributed to protect the wall near phase 2   
→   Total active power not reduced by this control action 
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4.3 Control by asymmetrical transformer voltages 

Change of voltages for lower arc radiation in phase 2 
(impedances adapted by current controllers) 

 

 → Total power reduced by 2.4% for same wall protection 

If transformer voltages can only be lowered symmetrically, 
power is reduced by 6.6% 
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4.4 Operator display of wall protection control system 
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4.5 Statistical results of thermal wall load 

Control system applied at an EAF with evaporation cooling 
Water boils at high thermal load and lowers the in-flow rate 
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5.    Control for electrical stability at high voltage [9] 

 

 

  → Electrical instability has often been a severe problem 
especially at furnaces with higher transformer voltage 
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5.1   Transfer of arc fluctuation to current fluctuation [10,11] 
 Current fluctuation gain V|2 / VULW 

Short time (20 ms)   mean squares         

Long time (e.g. 1 s) mean squares Ip = IZK 

standard deviations    a( 

relative fluctuation       

average over phases 

Corresponding value for arc voltages                   VULW
For currents and forces      VI2     ≈  1.4 •   (RL /X0) 1.25  • VULW

→Fluctuation transfer parameter RL /X0 < 1.5! for stability 
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5.2 Selection of furnace operating points 

At high voltage additional reactor required to adapt RL/X0 

Thus three parameters to select for an operating point 
• secondary no-load voltage by transformer tap U 
• short circuit reactance by reactor tap X 
• current by electrode controller setpoint I 

The aim is to find a compromise between: 

• electrical stability (RL /Xo < 1.5) 
• high active power for short power-on time 
• low arc radiation and thermal load to the panels   

• low current for low electrode graphite consumption 

Basic equations for electrical variables 

Arc resistance     

 
PL   arc power     I   electrode current 

 
 

Arc reactance        
    

X0   short circuit reactance 

KX  arc reactance factor ( ≈ 1.0 → 0.2 versus time) 
 

Transf. voltage     
 

R0  short circuit resistance 
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5.3 Voltage-reactance chart 

AC EAF with 135 MVA /1200 V transformer and 20 MVA reactor 

 

Chart at 60 kA with RL/X0 = 1.0...1.8 and P = 50...90 MW 

→ reactor taps X for transformer taps U selected for 
RL /X0 < 1.5 with respect to electrical stability 

Electrical furnace data: 

Smax =   135 MVA transformer apparent power 

USo   = 1200 V      highest transformer voltage (18 taps) 

Imax   =    83 kA     highest current (below transformer tap 11) 
X0     = 4.92 mΩ   short circuit reactance at 1200 V without reactor 
XD       = 1.60 mΩ   reactance of the reactor at 1200 V (12 taps) 
R0      = 0.42 mΩ   short circuit resistance at 1200 V 
KX    = 0.60         reactance factor during main melting 
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5-4 Current-power diagram 

 

Diagram for selected transformer / reactor tap combinations 

 

→ currents I for U-X combinations selected with respect to active 
power (also arc radiation, electrode consumption) 



 
→   U-X-I combinations assigned to subsequent steps 
of the baskets according to the progress of melting 

Results at the investigated furnace 

• stable operation also at 1200 V and low currents 
of 60 kA if short circuit reactance sufficiently high 

• more stable operation reduced electrode breakages 

• this and lower currents reduced electrode consumption 

• improved operating practice reduced wall defects 

-21 -

5.5 Furnace operating diagram
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6.  Summary of model development and application 
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1. Introduction 

Talking about power supply of AC Furnaces, we have to take into account different aspects. 
Under the condition that a furnace installation creates in the supply network non tolerable 
disturbances, one step can be, to increase the short circuit capacity by additional 
interconnections or to define a so called "unsteady bus", where a higher level of disturbances 
can be tolerated. This has to be done by the utility company and is not possible in most cases. 

The furnace supplier can use special electronic circuits, which enable low disturbances power 
supply. In the last years, there has been remarkable improvement. 

The furnace operator can modify the furnaces process, but with negative influence on the 
production rate in many cases. If he wants to avoid this, he has to install additional equipment, 
e.g. a Static Var Control. It means additional investment costs and additional losses, 
especially if damped filter circuits are necessary. 

If a furnace causes disturbances, which increases the permitted level, it makes no difference if 
only a fictive level is exceeded of if other customers are really disturbed. If the utility 
company insists on improvement, the furnace operator must do something which means 
additional costs and the risk of no sufficient success. 

Besides the disturbances in the supply network, one must not neglect the influence of the 
network and network transformer impedance on the design of the furnaces transformer. 

In order to be competitive, the furnace operators must try to increase the productivity of their 
furnaces. One way is to increase the transformer power. Because there is a relation between 
short circuit capacity of the supply network and the network disturbances, these problems are 
not limited the powerful furnaces, but can happen also to small furnaces. If the transformer 
power of a new furnace is in the range of 150 to 200 MVA, flicker compensation will be 
necessary in most cases and the costs are tolerable, compared with the total investment costs. 
If - in contrary - a small furnaces needs flicker compensation, the situation is completely 
different, due to the high basic price of this kind of installation. 

Consequently it has to be asked, what conditions the supply network must fulfil that the 
disturbances of a connected furnace will be below the limits and what can be done if this is 
not the case. One big problem is the "forecast" of the level of the disturbances. They cannot 
be calculated exactly due to the unsteady furnace operation. Only estimations are possible. 

2.      Basic considerations 

2.1 Voltage fluctuations in the supply network 

The first question is, why arc furnaces are able to create voltage fluctuations in the supply 
network, which can be detected e.g. by a flicker meter. Normally arc furnaces are supplied via 
a medium voltage level - up to 30 kV - which comes from a high voltage level using a 
network transformer high voltage/medium voltage. That means that the Point of Common 
Coupling, that is the connection to the public network is on a high voltage level. On this level 
E:\Arll\Sffl-niriare\EDL\Edl.. Or 10 0!  E.doc Lefzte Andenms?: 12.! 0.01 
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the guarantee values due to disturbances have to be proved. Arc furnaces are highly inductive 
consumers, because they need a certain reactance to stabilise the arc. This kind of load causes 
great voltage fluctuations, because normally the ratio of network resistance to network 
reactance is 1:10 or smaller /3/. 

Fig. 1 gives an example. It shows an arc furnace installation and the 110 kV supply network and 
its equivalent network. It is a medium sized furnace at a relatively strong supply network (short 
circuit capacity 6000 MVA). The impedance of the network, the network transformer, the 
furnace transformer and the furnace are taken into account. They can be calculated using the 
information, given in fig. 1 and related to the secondary voltage of the furnace transformer. How 
this has to be done, is described in /4/ and 151. The so-called "operational reactance" takes into 
account the difference between the theoretical approach and deviations in real existing 
installations. 

Due to the fact that the Ohmic component of the network impedance can be neglected /3/, a 
stationary voltage drop A f/at the point of common coupling can be calculated approximately 
using the furnace current / as follows: 

∆ U / √3≈ I Xq sin φ (1) 
 

 Offload Border of arc 
stability 

Nominal 
operation point 

Short circuit 

Transformer power 60 
MVA network short 
circuit power 6000 MVA 

0% 0,59% 0,97% 1,93% 

Transformer power 60 
MVA network short 
circuit power 3000 MVA 

0% 1,18% 1,84% 3,73% 

Transformer power 100 
MVA network short 
circuit power 6000 
MVA 

0% 0,64% 1,10% 2.94% 

Transformer power 100 
MVA network short 
circuit power 3000 MVA 

0% 1,28% 2,16% 5,7% 

Table 1: Relative voltage drop at the 110 kV point of common coupling at different load 
cases of the furnace 

Table 1 gives for the cases "electrode short circuit", "nominal operation point, border of arc 
stability and "off load" an estimation of the voltage drops in the HOkV level. Column 1 
shows the situation given in. fig. 1. During nominal operation the voltage drop is approx. 1% 
and doubles during electrode short circuit (RB=0, COS 9 = 0,13). The second row shows that in 
case of decrease of the short circuit capacity of the network to 3000 MVA the voltage in the 
110 kV level drops about 3.73%. Row 3 and 4 show the situation after the furnace has got a 
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new transformer with 100 MVA instead of 60 MVA. In the worst case there is a voltage drop 
at the point of common coupling of about 5.7%. 

2.2 Operation of arc furnaces 

The behaviour of arc furnaces during operation strongly influences the supply network. There 
has to be made a difference between stationary and dynamic behaviour. The stationary 
behaviour gives an information about the influence of the impedance of the network and 
network transformer on the power input, while the dynamic behaviour is responsible for the 
influences on parallel connected other consumers. Problems occur mainly when the short 
circuit capacity of the supply network is not sufficient. 

2.2.1   Arc furnace power profile 

A power profile has different sections. An example gives fig. 2. After a scrap basket is 
charged, for a short time the power input is reduced - boring phase. After boring, the power 
input is increased to a maximum until the next basket has to be charged. Same procedure 
again until the scrap is completely charged. If the scrap is liquid the overheating phase starts 
with lightly reduced power if necessary. Some furnaces end with a fining phase (for 
metallurgical work) with small power input only. At the end of the power on cycle the power 
input is stopped several times for temperature measurements and taking samples. 

Although furnaces are mainly used for scrap recycling, there are furnaces which use partly 
sponge iron or pig iron. 

Other furnaces are continuously charging. In this case the power input is more or less 
continuously done with only a small number of stops. 

According to the progress in melting res. overheating, different operation points in the circle 
diagram are used. Which operation point will be necessary, is depending on the process, if e.g. 
short arcs are required because the wall panels are not covered by scrap or foamy slag. 

2.2.2   Stationary behaviour 

The stationary behaviour of the furnace can be explained using the circle diagram, which is 
shown in fig 3. For the choice of the operation points, the field surrounded by a bolt line can 
be used. The borderlines are the maximum of the secondary current, the maximum 
transformer apparent power and of course the maximum voltage tap. 

On the left hand side, the borderline is given due to the phenomena that an arc is loosing it's 
stability (continuous current flow by passing zero) when the power factor becomes to high 
(approx. cos cp = 0,86) and can be cut completely (approx. cos cp = 0,90). Operation points in 
this area shall be avoided. Modern furnaces are operated with power factors around 0.83, if 
the arcs can be covered by scrap or foamy slag. Is this not possible, the arc length has to 
become smaller. That means smaller power factors res. the operation points will go more to 
the left area. 
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Fig 4 shall show this, using results of power measurements at a great arc furnace. Active and 
reactive power have been measured during a relatively calm phase shortly before tapping. In 
order to get a circuit, the furnaces control was programmed to increase the arc length 
stepwise, which means that the power factor is increasing from cos 9 =0,65 to cos cp =0,95. 
Nevertheless, is easily to explain why in this range stable operation is possible. The 
instrument was connected at the primary side of the furnace transformer thus measuring only 
the reactive power the furnace was consuming. For the stability of the arc the overall power 
factor has to be taken into account. And this power factor is much smaller due to the 
additional reactances of the network transformer and the network itself. 

From this stationary behaviour of the furnaces, it can be seen that the power factor must be 
increased using compensation equipment, because many power companies penalise low 
average power factors if they stay under a certain borderline. 

The above mentioned stationary voltage drop can be calculated according to equation 2 as the 
relation of the network reactance Xn and the total reactance (network plus network transformer 
X(q+a) and furnace Xn): 

∆ U/U  ≈ Xn/(X(q+a)+Xn) (2) 

The result of this stationary voltage drop is that the primary voltage of the furnace transformer 
is smaller than the rated voltage and therefore the transformer does not give it's rated power 
although the rated current is flowing. A further result is that the power input of parallel 
connected consumers e.g. a ladle furnace is also decreased. 

If according to fig 1 a calculation of the power input is made, neglecting the network res. 
taking into account all additional reactances, it can be found that the operation point 
60kA/600V changes as follows: 

- the primary voltage at the furnaces transformer decreases to 28.4 V, the secondary voltage to 
535.1 V and 

- instead of 48.8 MW only 42,6 MW are taken by the system. 

The example shows that during design of the furnace transformer, the additional reactances 
have to be taken into account, and that means higher secondary voltages and an adjusted 
transformer power are necessary. 

2.2.3   Dynamic behaviour 

To explain the dynamic behaviour of a furnace, the circle diagram of fig. 3 shall be used again. 
The operation points will be fixed in the bolt surrounded area, but that does not mean that the 
area outside will not be met. Due to the variation of the furnace currents, operation of the 
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furnace can touch a much wider range. This area is fixed by the actual voltage tap and only 
limited by electrode short circuit condition rep. cut of the arcs. 

The above described behaviour shall be explained using Fig 5. It shows the result of power 
measurements during minute 2 to 6 while melting the first basket. Each dot is an rms. value 
over 480 ms. The great deviation from the operation point, which has been fixed during the 
measuring period as well as the voltage tap, shows the unsteady operation during scrap 
melting. 

The most critical situation for the supply network is the period after charging a basket, in 
which the cold scrap is melting. Typical for this period are numerous cuts of the arcs followed 
by immediate re-ignition, strong variation of the load currents due to arc movements and the 
danger of short circuits due to collapsing scrap. The results are phase wise non symmetrical 
currents, non continuous currents etc. According to the variation of the currents, voltage 
variations are caused at the network impedance III. Fig 6 shows, how this looks in reality 121. 
The arc currents and voltages of an 801 furnace during second 135 to 138 after start of scrap 
melting can be seen. It can be easily seen that the behaviour is totally unsteady and for 
prediction statistical methods must be used. 

According to fig 7 the voltage drop at the network impedance can be split in tow components. 
Its magnitude is mainly influenced by the component along the longitudinal axis III and 161. 
Due to the ratio resistance to reactance of 1:10 in supply networks the voltage change can be 
calculated, using the change of reactive power over the short circuit power. 

A good approximation is equation 3: 

∆  Udyn/U ≈  ∆Q/Sk (3) 

Q        reactive power of the furnace  

Sk       network short circuit power 

This voltage changes are influencing all other consumers, which are connected to the same 
area of the supply network. 

2.3 Network disturbances of ac furnaces 

Form the above it is obvious, that network disturbances cannot be explained using a simple 
sentence. This means that the requirements to the compensation equipment will be numerous. 
In order to give a description of the network disturbances, caused by an arc furnace the 
following differences can be made: 

Voltage fluctuations (flicker, trafo inrush, voltage drop in case of short circuit), 
harmonics, 
non symmetrical operation 
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and the already mentioned 

stationary voltage drops and 
low power factors. 

The most critical disturbances are voltage fluctuations which cause flicker in low voltage 
networks. The so called flicker is a variation of the brightness of lamps due to voltage 
variations, which are most dominant in filament lamps. The human eye is very sensitive 
against this variations. Many tests with people have shown, that the two things are important. 
The magnitude of the relative voltage change AUIU and the frequency of this fluctuation. It 
has been found that the same magnitude of voltage fluctuation and the resulting fluctuation of 
the light are most disturbing at a frequency of 9 to 10 Hz. 

Internationally standardised - except in some Asian countries - is a flicker definition using so 
called Pst and Pit values (Pst=Perturbation Short Term and Plt=Perturbation Long Term). In 
Germany also Ast and Alt values are used. A means Annoyance and the relation to Pst values 
is the power of three /3/, /7/, /8/ 

Ast = Pst3           (4)  

Alt =Plt3          (5) 

st = short term means "average" values during a 10-Minute-Interval, while Lt = long term is 
normally related to 2-hour-Intervals. The relation between short term values and long tern 
values is given by relation 6: 

 

      12 

Plt = 3√1  ∑ p sti 

           12  i=1 

 

 

The level when the light flicker will be detectable by human eyes is a Pst value of 1. 
Therefore the value of 1 should not be exceeded in low voltage supply networks. The 
internationally used visibility curve is shown in fig. 8. 

As flicker meter an internationally standardised so called UIE flicker meter is used (UIE = 
International Union for Electricity Applications) 111, 191,110/. It is standardised in IEC 868. 
Meanwhile there are many suppliers of this kind of instruments. Fig 9 shows a block-diagram 
of the UIE flicker meter. In block 1 to 4 the voltage signal is transferred to the momentary 
flicker (output 4). Block 5 is a statistical evaluation to get e.g. 10 min Pst values. 

It is very difficult to give an estimation which Pst-values can be expected by arc furnace 
operation, because numerous things are influencing the flicker, the mechanical arrangement, 
the system reactance, the quality of the scrap, the choice of the operation points of the furnace, 
i.e. the arc stability and many other things. In the second edition of the German " VDEW- 
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Grundsatze fur die Beurteilung von Netzruckwirkungen" dated 1986 the following approach 
can be found: 

Pst ≈ 0,6 k SkA/Sk (7) 

SkA   furnace short circuit power  

Sk      network short circuit power 

A factor k of about 80 

UIE's approach is similar, but without the factor 0.6 but k between 48 and 80 

Later approaches do not give any equation for Pst values any longer. Only the German 
VDEW gave 1992 an estimation for Plt values /3/: 

Plt ≈ 35 SkA/Sk (8) 

Currently a modification of equation 7 is used. Instead of 0.6*k a new factor called kst is used 
with kst between 40 and 50 for ladle furnaces and 50 to 80 for ac arc furnaces. 

Pst ≈ kst SkA/Sk  (9) 

fig 10 shows the results of flicker measurements at the 30 kV bus of a furnace with a 
transformer power of 100 MVA. Clearly visible are 3 tap to tap cycles. Heat 1 and 3 use 2 
scrap baskets, while heat 2 used 3 baskets. It can be seen, that the flicker values are extremely 
different from each other and therefore also the kst-factor according to equation 3. At the 
beginning of a new basket they are around kst« 50. 

There are for sure other possibilities for a flicker estimation. All need without doubt a great 
portion of experience with furnace operation. 

What happens now if more than one furnace are operated at one supply bus ? In this case, it is 
assumed that the events in the furnace which cause flicker will not occur simultaneously. 
Therefore a resulting Pst value can be calculated as follows: 

 

Pst = { Σ(Pst)m} 1/m          (10) 
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The exponent may be between 2 and 4. UIE recommends a value of m=3 for the majority of 
the cases. 

There is another important method to measure voltage flicker, the Japanese AVio -Method 
111. In this case the values are detected minute wise. The reference value is the 4th highest after 
one hour. Comparative measurements between Pst values and AVio values gave the following 
relation: 

∆Vio (4 th) / Pst max = 1/3 (11) 

This method is mainly used in Asia (Japan, Korea, Taiwan) 

A further kind of disturbances are harmonics. It can be said that an arc furnace acts as a 
generator of harmonic currents which are inserted in the supply network. These currents cause 
at the network impedance harmonic voltages, which are overlapping the fundamental thus 
influencing all other consumers. During operation of an arc furnace, a continuous spectrum 
can be measured with peaks on the even and again higher odd harmonics. See Fig. 11. AC arc 
furnaces do not generate remarkable harmonics above the 10th /I II. 

Non symmetrical currents give non symmetrical voltage drops at the network impedances 
and thus non symmetrical supply voltages for other consumers. There is a difference between 
1 phase active and reactive loads, due to short circuit resp. cut of an arc. One phase active 
loads do not change the value of the voltage in the load phase but increase rsp. decrease the 
voltage in the other phases. With one phase reactive loads, it is just the other way round /I II. 

3. Reduction of network disturbances 

3.1 Without use of compensation equipment 

Following a UIE investigation from 1973, there will be no disturbances, if the network short 
circuit power is equal or higher than 80 times of the rated transformer power /131. This 
estimation is still used. 

If problems occur, the furnace operator can negotiate with the power company to increase the 
short circuit capacity at the point of common coupling in order to get the above mentioned 
ratio between short circuit capacity and transformer power. In most cases this is not possible 
because furnace power of 140 MVA require short circuit capacities of 14 GVA and more. 
What can be done instead? 

According to fig 12 a series reactor can be used on the furnace primary side. The figure gives 
a comparison between a classical furnace and a furnace with a 25% series reactor. The reactor 
reactance is expressed as a relation to the transformer power. 
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The purpose of the series reactor is to increase the reactance in the furnace circuit in such a 
way that operation points can be chosen which enables the operator to bring in the same active 
power as before, but now using more stable arc operation which is represented by the lower 
power factor. The second advantage is the lower secondary current, which gives a decrease in 
electrode consumption. 

On the other hand, more apparent power and - very important - higher secondary voltages are 
necessary. 

A further effect shall also be mentioned. One can see that the arc length is increasing and 
therefore also the refractory wear index. This is wanted, when foamy slag operation is 
possible but in case of uncovered arc it can become a problem. 

There is another reason to use a series reactor. This is to decrease the secondary current as 
much as possible in order to minimise the electrode consumption. In this case the power factor 
is similar to operation without reactor and therefore the flicker would also be simlar. 

If the flicker of an existing furnace is to high, the additional use of a series reactor would be 
no solution, because higher secondary voltages are necessary, which are normally not 
existing. 

Series reactors are normally built in the transformer tank. This is the most economical 
solution. Alternatively external iron core or air core reactors can be used, if space enough is 
available. 

The reactors can be equipped with tap changers in order to adjust the reactance if necessary. 
Another possibility to adjust the reactance is shown in fig 13. Here DC premagnetisation is 
used /21/. By this the reactive power can be controlled in a certain way, which leads to a 
further reduction of flicker. 

Another possibility to stabilise the consumption of reactive power of a high impedance 
furnace is the use of a thyristor controller in series with the furnace. This is also shown in 
fig. 13. The first installation of this kind can be found at Co-steel Lasco in Canada. This 
furnace operation is very similar to DC furnace operation, i.e. operation with nearly constant 
current. The supplier states the flicker is reduced significantly /23/. 

3.2 Use of compensation equipment 

3.2.1 Principles of compensation 

If the tolerable flicker in the supply network is exceeded by a consumer, it is possible to run a 
flicker compensation in parallel. The basic purpose of all compensation equipment is however 
to supply the necessary reactive power in order to increase the average power factor. A usual 
value required by many utility companies is 0.9. 

The necessary compensation power Qc can be calculated using the average active power: 
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Qc = P (tan φ1 - tan φ2) (12) 

φl       average phase angle before compensation  

φ2       average phase angle after compensation 

The main task of the compensator is however to minimise periodical voltage fluctuations 
especially in the range of the critical frequencies. Further tasks are to limit harmonics and the 
effects of non symmetrical operation. 

Fig. 14 shows all methods of reactive power generation 1151. The classical compensator is a 
synchronous condenser, but due to the inertia of the machine it is not possible to use it for 
flicker compensation. Also the attempt to use a saturated reactor was not very successful. 
Only one plant was built in Nigeria. 

More successful are TCR's (TCR = Thyristor Controlled Reactor) and TSC's (TSC = 
Thyristor Switched Capacitors) both in combination with filter circuits. 

3.2.2 Thyristor Switched Capacitors 

Thyristor switched capacitors are using the direct compensation principle, i.e. much inductive 
by the furnaces means much capacitive compensation power which can be switched on 
dynamically /1/. Although the direct solution looks very simple, there are immense problems. 
The reason is that capacitors generate transient currents when they are switched. In order to 
avoid this, the capacitor voltage has to be adjusted by a pre-firing pulse. The switching delay 
is around one period and thus limits the dynamic. Another problem is that the network 
resonance is changed if additional capacitors are switched. Because of these disadvantages 
TSC's are not used any longer for the compensation of arc furnaces. 

3.2.3 Thyristor controlled reactors 

The compensation equipment, which is used for arc furnace compensation nowadays is 
consisting of thyristor controlled reactors and filter circuits. Such a compensator is using the 
indirect compensation principle which means much inductive power of the furnace requires 
low inductive power of the TCR and the other way round. If the capacitive power of the filter 
circuits is great enough, the overall power factor can be kept near cos cp = 1. Fig. 15 shows the 
basic arrangement of an SVC. The TCR consists of antiparallel operating thyristor and spit 
reactors. The delta connection suits best, because the currents are smaller and certain 
harmonics are eliminated in case of symmetrical operation. The currents can be controlled 
between zero and rated values. Fig. 16 shows currents and voltages for different firing angles. 
Concerning the harmonics the TCR acts like a 6-pulse Graetz bridge. Additionally a third 
harmonic is generated in case of non symmetrical operation. These harmonics are overlapping 
the furnace harmonics and have to be eliminated by the filter circuits. 
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3.2.4 Electronically realised synchronous condenser 

A further possibility of dynamic compensation is offered by Siemens-Westinghouse. It is a 
statcom system (Static Synchronous Compensator). A statcom system acts like a synchronous 
condenser, i.e. it can supply reactive and capacitive power as well. In contrary to a mechanical 
synchronous condenser its control speed is extremely high, because it is realised by using 
GTO's (Gate Turn-off Thyristors) /20/. This gives also remarkable advantages compared to a 
classic TCR. Fig 17 shows a statcom system. 

ABB has developed a similar system /27/ which is called SVC light. Its basis is the VSVC 
technology ( = Voltage Source Var Compensator) and it uses IGBT's ( = Insulated Gate 
Bipolar Transistor) as switching elements. The response time is smaller than a millisecond, 
which enables this type of compensator to reach much higher flicker improvement factors 
than conventional TCR's. Fig 18 shows a simplified connection diagram and a comparison of 
the current flow in a TCR and a VSVC. The alternating voltage can be controlled very fast in 
amplitude, phase and frequency, so that reactive power can be generated resp. consumed. The 
active power transfer is zero. Therefore no DC source is necessary, a relatively small DC 
capacitor is sufficient. 

4. Construction and design of compensation equipment 

4.1 Size of the compensator 

It is not possible to determine the size of an SVC as easy as it is to calculate filter circuits. 
Each SVC is individually projected by the supplier. During design phase has to be taken into 
account: 

- The supply network (especially the short circuit capacity), 
What kind of consumer has to be compensated, 

- Which guarantees regarding the limitation of disturbances have to be given 

Each supplier has his individual design philosophy, which may lead to completely different 
solutions, although the boundary conditions are the same. 

This shall be demonstrated in table 2. The table contains data of already existing plants. 

4.2 Construction of an SVC 

Filter circuits are consisting of capacitor banks and air core reactors. They are connected in 
double star in order to make the use of non symmetry protection possible. Filter circuits of the 
order 2 are normally equipped with damping resistors. 

For TCR reactors normally air core reactors are used. If there is a lack of space or a limitation 
of noise, also iron core reactors can be used /28/. 
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The cooling can be made by water-water cooler res. water-air cooler. The primary circuit 
needs de-ionised water. 

Except the thyristor controller, the equipment is for outdoor installation. It has to be checked 
that near the reactors no iron shall be in the foundations due to the induction of eddy currents. 

Fig 19 and 20 show examples of SVC's. The SVC of fig. 19 has a power of 130 MVAr while 
the SVC in fig 20 has a power of 60 MVAr. The space requirement of the greater 
copmpensator is 40 by 50 meter. Some dimensions and waits can be found below: 

- TCR reactor: approx. 91 per Phase 
Diameter approx. 3,5 m 
Total height ca. 6 m 

- Filter reactors weight ca. 0,5 to 1,61 per reactor 

Diameter 1 to 2,3 m 

- Capacitor banks total weight ca. 45 t 

- Resistors ca. 200 kg per piece 
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Installation Dynamic 
part 

Filter circuits Type Supplier 

     

AC furnace 48 MVA 
(KIA, Korea) 

60MVAr 50MVAr 
 2.   3.   4.  
15   10  25MVAr 

SVC ABB 

Rolling mill 
(Sollac, F) 

66MVAr 66MVAr 
5.    5.      7. 
 33 16,5 16,5 MVAr 

SVC ABB 

AC furnace37.8 MVA 
Ladle furnace 7.7 MVA 
(Hagfors, S) 

±22MVAr 22MVAr  
3.  5.  
8   14 MVAr 

SVC 
light 

ABB 

DC furnace 140 MVA 
(Arbed, L) 

110 MVAr HOMVAr 
 3. , 5., 7., 12.  
10, 30, 45, 25 MVAr 

SVC Ansaldo 

DC furnace 140 MVA 
With free wheeling diode and 
phase shifting (Arbed, L) 

60MVAr 32 MVAr  
3.   ,5.   
13,   19   MVAr 

SVC Cegelec 

AC furnace 96 MVA 
(Arvesta, S) 

120 MVAr 120,4 MVAr  
2. 3. 4 5. 7. 11. 
 22,8 7,7 7,3 19 32 31,6MVAr 

SVC Nokia 

Cold rolling mill 
(Krakatau, Indonesien) 

50MVAr 50 MVAr  
5.   7. 11. 
 20 15 15 MVAr 

SVC Siemens 

Hot rolling mill 
(EKO, D) 

70MVAr 70 MVAr 
 3.  5. 7.  
11 10 20 20 20 MVAr 

SVC Siemens 

Cycloconverter 
(Nucor, USA) 

80MVAr 80 MVAr 
 3. 5. 7. 
 10  25 45 MVAr 

SVC Siemens 

AC furnace 137 MVA 
(ISPAT, Indien) 

190MVAr 180 MVAr  
2. 3.   4.   5. 
 50 30 30 70 MVAr 

SVC Siemens 

AC furnace 66 MVA 
(Feralpi Riesa, D) 

80MVAr 80 MVAr 
2. 3.   4.   5.  
15 35 20 10 MVAr 

SVC Siemens 

     

Table 2: Existing compensators of different suppliers 
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4.3 Improvement factors 

The improvement factor is the ratio of the Pst values without compensation to the Pst values 
with compensation. A TCR can realise an improvement factor of approx. 2, if the short circuit 
capacity is not too small. It requires however an experienced supplier. Malfunction of the TCR 
control can lead to improvement factors smaller than 1. 

Fig. 21 shows the results of flicker measurements in a steel plant with an arc furnace and an 
SVC. The power company required a Pst value of 1 as a 99% value, which the compensator 
fulfilled. For test reasons the SVC was switched of. It can be seen, that the improvement factor 
is around 1.8, that means without SVC, the operation of the furnaces is not allowed by the 
power company. 

The improvement factor of an SVC light system is approx. 3.3 to 3.8 (There are only two 
installations up to now). 

5. Flicker planning levels in supply networks 

Very often the question rises, which maximum flicker generation of an arc furnace installation 
is permissible. This question cannot be answered generally although it looks simple, because 
as said above, the borderline of visibility is the Pst=l curve. But one must not forget that this 
curve is talking about flicker in low voltage supply networks with private households as 
customers and that this borderline is the result of all generated voltage fluctuations and not 
only the result of the generated flicker of one single consumer installation. That means that 
the tolerable flicker, generated by a single installation connected to low voltage networks 
must be lower than the borderline. This is the philosophy of most utility companies res. 
national standards. 

On the other hand it is clear that steel plants are high voltage customers for the utility 
companies, because the input lines are always high voltage lines. That means there is no direct 
connection to the low voltage supply networks of the neighbouring cities. It is known from 
recent research work, that there is a so called flicker transfer factor. 

From measurements it is known, that flicker which is e.g. caused by industrial sources and can 
be detected in the local HV system is transferred to the LV system by a factor smaller than 
one. This factor is called transfer coefficient between two points in the network and is defined 
as the ratio of the Pst values, measured synchronously in both locations /8/ 

Measurements made in /17/  have shown that 

- the flicker transfer coefficient from MV to LV is equal to 0.99 

- the flicker transfer coefficient from HV to MV is equal to 0.92 

This should give to the network operator some room for higher tolerable flicker generation of 
industrial high voltage customers, but it must be said that this fact is not known by many 
utility companies up to now. 
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In reality planning levels given by international res. national standards or by nation-wide 
power companies can differ very much from each other and are very often relatively low, 
although all are using the same flicker definition, which is given by IEC 61000 or by a 
Japanese standard (i.e. Avio)- Some examples: 

 

Standard resp. Power company Planning level Remark 
   
Germany/VDEW Pst < 0.8 

Pit < 0.59 
Percentile not specified 

England / P28 Pstmax < 1 Successes former P7/2 
Russia / GHOST Pst     1.3 Percentile not specified 

China /National Standard GB 
12326-2000 

∆ vio < 0.4 
Pst99       0.8 
Plt99       0.6

old 
new 

Korea /KEPCO ∆ vio     0.45 4th highest of 60 per hour 
Taiwan/TPC ∆ vio     0.4 Can be less according to the 

number of furnaces 
connected 

France Pit     1 Percentile not specified 
EEC 61000-3-7 Pst99       0.8 

Plt99       0.6 
Emission levels in HV-
EHV, indicated value 

EN 50160 Pit95     0.95 Must apply to all European 
networks, i.e. must suit 
weakest zone 

Table 3: Planning levels 725/ 

Some standards allow that in single cases the utility company can negotiate with their 
customer and allow for single installations higher values than the standard required (e.g. 
German VDEW). Others are going for single installations to much lower values than the 
standard require as planning level, if more than one flicker relevant load is connected or shall 
be connected in the future (e.g. China, Taiwan). This approach leads in single cases to 
extreme low guarantee levels for single installations and thus to great risks for the equipment 
suppliers. 
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6.      Conclusion 

Arc furnaces are critical consumers for the supply network because remarkable network 
disturbances may occur. This is evident if the short circuit capacity of the supply network is not 
sufficient, hi this case, the utility company can try to change the network configuration. 

If this is not possible, the installation of a high impedance furnace may help. But the 
improvement is only limited. The further step will be the installation of flicker compensation 
equipment, which allows dynamic reactive power control 

The classic flicker compensator is a combination of TCR and filter circuits. This installation is 
able to reduce the flicker of a factor of 2. If this is not enough the furnace operator can use 
compensators of the latest generation, called statcom res. SVC light. They are using GTO's or 
IGBT's instead of thyristors and their control speed is much higher with the result that they 
reach flicker improvement factors above 3.5. The problem is that the price is nearly double, 
compared with a classical solution. 

The flicker planning levels can be very different from each other although all utility 
companies are using the same flicker definition given by IEC. The supplier of arc furnaces 
res. the operator should contact the local network operator in order to find out which standard 
is applicable. 
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8. Figures 
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Fig 1: Arc Furnace with supply network, Electrical data at the operation point 60 kA/600 V 

Equivalent network of the total system 
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Fig. 2: Arc furnace power profile 
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Fig. 3: AC arc furnace circle diagram 
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fig 4: ,,Measured circle diagram of a AC furnace (created by increasing the arc length step by step) 
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fig 5: Power measurements of an AC furnace with 80 MVA transformer power 
(1. basket, minute 2-6, voltage tap 780 V) 
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fig 6: Measured arc cunents and voltages 111. During second: 135. to 138. after power on 
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fig 7: Arc furnace at a power supply network (a) and resulting vector diagram (b) 
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fig 8: Limit of visibility for rectangular voltage changes (Pst 1 curve) 
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fig 9: Block diagram of the UIE-Flicker meter 
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fig 10: Flicker measurements at the 30 kV furnace bus of an AC furnace with a transformer power of 
100 MVA 
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figll: Harmonic spectrum of the primary cuiTenls of an AC fumace 
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fig 12: Classic AC furnace (left) and high impedance furnace with series reactor (right) and basic 
technical data 
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fig 13: High impedance furnace, high impedance furnace with DC pre-magnetisation and high 
impedance furnace with series thyristor controller 
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fig 14: Different methods of reactive power generation 
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1 - Air core reactor 
2 - Thyristor controller 
3 - Control unit 

4 - Filter circuit 
5-TCR 
6. - arc furnace 

  

fig 15: Basic arrangement of an SVC, consisting of TCR and Filter Circuits 
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Fig 16: Current and voltage of a thyristor controlled reactor for different firing angles 
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fig 17: Statcom installation by Siemens-Westinghouse 
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fig 18: SVC light by ABB, Comparison of current and voltage in a classic TCR with a VSVC 
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fig 19: Arrangement of an SVC 
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fig 20: Arrangement of an SVC 
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fig 21: Flicker measurements in a 220 kV supply network with an arc furnace and an SVC 
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1       Introduction 

Although the idea to built arc furnaces as DC furnaces is very old, the breakthrough of this 
technology came only some years ago. The reason is that the progress in development of 
powerful power semiconductors made it possible to verify the theoretical knowledge. There 
are many possibilities to built power converters, but only a few of them are able to fulfil the 
requirements given by an operating arc furnace. 

In this contribution, the power converter circuits, which are currently used for arc furnace 
power supply are explained as well as some future developments. 

A short chapter explains the different types of power semiconductors. 

During the start up phase of the first DC furnaces, many people thought that the problems 
with network disturbances have been solved by using this new technology. Unfortunately this 
did not happen. Network disturbances - although a little bit different - are still a problem. 
Therefore a separate chapter deals with network disturbances and gives the differences to AC 
arc furnaces. 
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2       Power semiconductors and power converters 

Power converters can be seen as special electrical circuits, which contain electric valves 
which are for one current direction either always conducting or always non conducting. Or 
they contain valves, which are - up to the choice of the operator - conducting or non 
conducting in one direction, while they are always non conducting in the other direction. 
Nowadays only semiconductors are used as valves, that are diodes, transistors, thyristors, 
GTO's and IGBT's. 

To make it a little bit clearer: The idealised valves have in conducting direction a resistance of 
zero, i.e. a conducting connection in the equivalent circuit diagram, while the non conducting 
direction has the resistance infinite, i.e. are not present in the equivalent circuit diagram III. 

In reality there is of course a difference in the characteristic features of idealised or real 
semiconductors. 

2.1      Power semiconductors 

In the information technique the transistor was in the beginning of the semiconductor age the 
most important element. In contrary to this in the power electronic the former mercury-
vapour-converters have been replaced by thyristors. Later on there have also been developed 
transistors, which are able to carry higher currents at sufficiently high voltages. 

The further development of thyristors lead to GTO's and as the latest new element of 
semiconductors further development of transistors lead to IGBT's. Table 1 is summing up the 
elements and their characteristic features. 

2.2      Power converter circuits 

There are different possibilities to use semiconductors in power converters and to control 
them. But only a few of them are suitable for DC furnace rectifiers. 

2.2.1    The classic B6 bridge 

For nearly all high power converters the classic B6 bridge is used. The bridge is a combination of 
two 3-pulse circuits with neutral and consists of in total 6 thyristors and a ripple filter choke. In case of 
non controlled valves and good smoothing of the DC current by the ripple filter choke, two valves are 
simultaneously conducting the current h. for one third of a period, i.e. co t — 2TT/3. Fig. 1 shows a 
classic B6 bridge as well as currents and voltages 111. 
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 Thyristor 2 Transistor 

 

Up to 5000 V and 3000 A Up to 1200 V and 500 A 

Characteristic features: Characteristic features: 
Very low driving power -    high driving power necessary 
Only low switching frequency (<500 Hz) -     Only low switching frequency (500 Hz) 
High blocking voltage -    limited blocking voltage 
High current -     low current 
only switch on possible (blocking only -     switch on and off possible 
possible when the current is pasing zero) -    Module technology 

-    robust cell technology  

3 GTO (Gate Turn Off Thyristor) 4IGBT (Insulated Gate Bipolar Transistor) 

 

Up to 4500 V and 3000 A Up to 4500 V and 1200 A 

Characteristic features: Characteristic features: 
Higher driving power -     low driving power 
Only low switching frequency (<500 Hz) -     high switching frequency (some kHz) 
High blocking voltage -    High blocking voltage 
High current -     High current 
switch on and off possible -     switch on and off possible 
robust cell technology -    Module technology 

Table 1: Characteristic features of different semiconductor elements 
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With the rms value three phase voltage U the direct voltage Udi in fig 1 is the mean value of 
the so-called ideal no-load direct voltage ud: 

U di = 3 . √2.U (1) 

π 

The direct voltage at the load is depending on the firing angle ά. This angle expresses the 
time delay between the natural firing point and the chosen firing point. 

 

U diά = U di . cosά (2) 

The relation between RMS value of the phase current I and the rated direct current IdN is: 

 

I  = √2  = 0.8165 (3) 

IdN √3 

The fundamental current I1 is: 

I1 =  √6 . IdN (4) 

π 

the power factor can be calculated as follows: 

 

λ=  3   . cosά (5) 

π 

the consequence of the above equation is that these circuits are consuming a lot of reactive 
power, if they are operated e.g. with setpoints for the firing angle of 40°, i.e. X = 0.73. 

The above described Graetz bridge is a so-called 6-pulse bridge circuit. The majority of all 
DC furnaces however is equipped with two B6 bridge circuits in parallel connection. 
Electrically the voltages on the AC sides are phase shifted by 30°, thus giving a 12-pulse 
operation. One way to realise this is e.g. to useva converter transformer with two secondary 
windings. One winding is delta connected while the other is Y connected. The advantage of 
the 12-pulse bridge circuits is a reduced amount of generated harmonics. Fig. 2 shows a 12- 
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pulse bridge circuit (top). Below it can be seen a 12-pulse interphase transformer connection, 
which are used for plasma furnaces or for electrochemical installations. 

12-pulse bridge circuits show a slightly smaller ratio of phase current to direct current than 6-
pulse bridge circuits. Equation (3) changes to: 

 

I   = 1+ √3  = 0.7887 

IdN    2√3 

 

The question is now how the circle diagram of a DC furnaces looks like, which is using a 
classic bridge circuit? 

In contrary to an AC furnace the DC furnace allows two ways of control. This shall be shown 
using fig 3. The so-called voltage controller is responsible for the electrode position. It keeps 
the electrode in a position that the arc voltage is in the average in it's desired value so that the 
furnaces operator gets the desired power input. This part of the controller corresponds to the 
controller of an AC furnace. The second part of the controller, the so-called current controller 
is extremely fast - compared with the voltage controller - and thus it's purpose is to keep the 
furnaces current nearly constant by permanent adjustment of the firing angles. 

Fig. 4 shows the circle diagram of a DC furnace, which is controlled as above described. The 
basic difference to the circle diagram of an AC furnace is easy to detect. The circle diagram of 
an AC furnace consists of circles representing constant voltage while the circles in a circle 
diagram of a DC furnace are representing constant current and are therefore approximately 
circles of constant apparent power. The AC furnace has a fixed secondary voltage, which can 
be adjusted by a very slowly acting onload tap changer. The current can only be controlled by 
the position of the electrode arms. The DC furnace does not have this limitation due to the 
extremely fast firing angle control. It is possible to control the current in such a way that there 
are really circles of constant current. 

Fig. 5 shall prove, how "perfect" such a controller works. The figure shows power 
measurements from a great DC furnace in Belgium. Each dot is a mean rms. value of 480 ms. 
Three sections of the melt cycle are shown: Boring, melting 1 with slightly reduced power and 
melting 2 with full power. I can be seen that 

there are really circuits of constant current and constant apparent power respectively    
the values of the active power have only small deviations from the desired values 
the power factor is very low because it is one of the first great DC furnaces and therefore 
was operated with a large firing angle to get a better controlability. 

2.2.2    Three phase bridge circuits with phase shifting control 

The further step in the development of the power supply for DC furnaces are three phase 
bridge circuits with phase shifting. This technology is e.g. used by Ansaldo and with special 
D:\AdtVEDLAEdl. <]]  JO OS  E.doc  Andermur. 
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control of the half-bridges by Siemens 141. Fig. 6 (top) shows a bridge circuit which consist of 
two half-bridges. The difference to the classic bridge can only be found in the control itself. 
The power of the converter is split to the two half-bridges /1/, /2/. 

Normally the bridge circuit is controlled in such a way that one half-bridge is permanently 
fully fired and acting as a rectifier, i.e. ά = 0°, while the other half-bridge is fired according to 
the control task. The result is that in this case only one half-bridge needs phase control 
reactive power and thus the reactive power consumption is reduced drastically. 

Fig 6 (bottom) shows the function of the reactive power without and with phase shifting 
control. The borderlines are given if there is a maximum differences in firing angle setpoints, 
i.e. oti = 0° and 0C2 = 90° (curve 2) or both half-bridges are fired with the same firing angle, 
i.e. CL\ = 0L2 (curve 1). In the second case operation is according to the classic bridge control. 
Fig. 7 shows the voltages for two cases: 04 = 90°, an = 0° and oci = 30°, an = 0° respectively. 

Siemens developed a special highly dynamic digital control, which works in such a way that 
both half-bridges are controlled but with different firing angles (ai * 0:2). See fig. 7a. The 
reactive power consumption is constant as long as the setpoint is on the horizontal line of the 
circle diagram (fig. 7b). Even in the case of electrode short circuit, the consumption of 
reactive power remains constant. This could be proved by measurements at an existing 
furnace /14/. 

2.2.3    Three phase bridge circuits with free wheeling diodes 

Another way to reduce the consumption of reactive power is the use of an additional free 
wheeling diode. Fig. 8 shows as an example a M3 circuit with free wheeling diode (top) and 
the voltage and currents (bottom) 111 in the circuit. The free wheeling diode is taking the 
current in case that the instantaneous value of the voltage becomes zero and is conducting the 
current until the main valve which is following in the cycle gets a firing pulse. Fig. 9 shows 
the function of the reactive power. It can be seen that the reactive power does not increase any 
longer if the firing angles go above 30°. The dotted line is the function of the reactive power 
without free wheeling diode. 

Cegelec /5/ is using a Graetz bridge with two free wheeling diodes according to fig. 10. It 
should be mentioned that it is necessary to have access to the converter transformer secondary 
neutrals. That means a converter transformer which feeds a classic bridge cannot be used as 
spare. In addition to the free wheeling diodes Cegelec uses phase shifting control. The result 
is a circle diagram as shown in fig. 11. The area of operation will be within the bolt lines 
which are the result of using free wheeling diodes and shift control. It should be noted that 
this area is an area of constant current. (The classic bridge has lines of constant current). 

In the meantime several furnaces are equipped with bridges with free wheeling diodes and 
shift control. Fig. 12 shows the results of power measurements at a 1501 furnace with a 
transformer power of 140 MVA. The area of constant current can be clearly seen and looks 
very similar to the theoretical calculations of fig. 11. The reactive power consumption is 
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reduced, because the area of constant current is not identical with the circuits of constant 
apparent power. This leads to higher power factors compared with classic bridge. 

2.2.4    Chopper circuits 

A very interesting approach is coming from Robicon, a company located in Pittsburgh/USA 
/6/. They use very fast switching transistor chopper circuits or buck converters. The power of 
this circuits is already in the range of Megawatts due to the development of powerful IGBT's. 

Fig. 12 shows an elementary chopper cell. If the IGBT is fired, there is a power flow from the 
capacitorbank to the load. If the IGBT is blocked the reactor forces a current through load and 
diode. Therefore the load current is nearly constant. Reactive power will not be consumed, 
because the chopper gets chopped direct current from the capacitor bank. And the capacitor 
bank gets active current via the rectifiers from the voltage source. 

Real installations are consisting of several chopper units which are connected in parallel. 
Their firing signals are phase shifted. Due to the transformer and source reactance, there will 
be a certain reactive power consumption which cannot be avoided. Copper system are 
operating with power factors between 0,95 and 0,97. 

Comparing chopper circuits with thyristor bridge circuits shows another advantage. IGBT's a 
much higher control speed, because they are not bound to the fundamental. That means that 
reactive power fluctuations in the range of the critical flicker frequencies can be nearly 
eliminated. The manufacturer states that he does not expect any flicker problem, if his 
technology is used for arc furnace power supply. He has already experiences with plasma 
furnaces and a fist arc furnace application is in the start up phase. 
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3       Network disturbances 

The disturbances in supply network caused by DC arc furnaces are only in a limited way 
comparable with the disturbances caused by AC furnaces. Relatively similar are the flicker 
problems. Harmonics are converter typical, i.e. they are in a higher order range and non-
symmetrical operation is not possible when three phase bridges are used. 

3.1      Flicker 

When the first DC furnaces started their operation everybody was convinced that one of the 
advantages of this type of furnaces would be a drastical reduction of the generated flicker. It 
seamed to be obvious because DC furnaces are controlled in such a way that the current is 
kept nearly constant even during scrap melting and that means nearly constant apparent power 
and small reactive power fluctuation. Reactive power fluctuations are causing voltage 
fluctuations in the supply network which are the reason for flicker. In contrary AC furnaces 
are operated on constant voltage taps with fluctuating currents and thus highly fluctuating 
reactive power. 

Very brave writers forecasted a reduction of the flicker disturbances to 38% 111 and 50% /8/ 
respectively. They compared AC and DC furnaces in a very theoretical way by taking into 
account comparable active power input, i.e. same setpoints for the furnace control. This gives 
indeed a possible ratio of fluctuations of reactive power of AC furnaces versus DC furnaces 
which seam to prove the above assumptions. Fig 14 shows such a comparison 111. However 
they did not take into account, that not only the absolute value of the reactive power 
fluctuation but also other factors like the frequency are important for the flicker generation. 

Other writers compared high impedance furnaces with DC furnaces. Their conclusion was that 
due to the additional reactance the arcs of the AC furnace will burn more stable and the flicker 
of a comparable DC furnace will be only 70% smaller 191. This estimation was more realistic 
and was proved later on by measurements /10/. 

Fig. 15 shows measured Pst values of a great DC furnace. Only the periods of scrap melting 
of 100 consecutive heats are shown, separated in first and second baskets. One can see that the 
flicker caused by DC furnaces is not reproducible and that there is no difference between 1st 

and 2nd basket melting. This is very similar to AC furnace behaviour. 

When free wheeling diodes are used, the reactive power consumption can be reduced and with 
additional phase shifting control the reactive power fluctuations can be minimised. Phase 
shifting control with individual firing angles for the half-bridges and highly dynamic control 
give similar results. Measurements could prove, that this causes a reduction of flicker to about 
50% of the flicker caused by a 12-pulse bridge with classic control (taking of course into 
account the same inductivity of the ripple filter choke) /14/. 

DC furnaces with choppers should give similar results. 
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3.2      Harmonics 

Also DC furnaces are - like AC furnaces - generators for harmonics which they emit into the 
supply network. The generated harmonics of a DC furnace are depending on the type of 
converter circuit. If the classic Graetz bridge circuit without phase shifting is used for arc 
furnace supply, the harmonics can be calculated with reasonable results using the well known 
equtions. 

Under the precondition of ideal commutation and ideal smoothing the following harmonics 
will be generated: 

V= k . p±1 with k= 1,2,3, and p as number of pulses (7) 

 

The harmonic currents will be: 

Iv= I1   (8) 

 v 

If 12-pulse converter circuits are used the harmonic current will theoretically be of the order 
11, 13, 23, 25 etc. If the circuit is going back to 6-puls operation, e.g. in case one bridge is out 
of order, there will be additional 5, 7, 17 and 19. In real operation, the converter circuits do 
not commutate ideal and the smoothing is not ideal. The firing angles are permanently 
changing. Al this leads to a modulations of the generated harmonic spectrum. 

Measurement proved that nearly all harmonics up to the order 25 are present. Fig. 16 shows 
measured current harmonics of a great DC furnace. All even and odd harmonics are present. 
The converter is in 12-pulse operation, therefore number 11 and 13 are dominant. They are 
smaller than the theoretical calculated harmonics and it can be found that are becoming 
smaller if the furnace is operating more unsteady. This is a well known reaction of converters 
under such conditions called the "principle of the air mattress" 

Fig. 17 shows a comparison of the harmonics generated by AC furnaces and by DC furnaces 
with 12-pulse converter circuits. The differences are obvious. The harmonics generated by AC 
furnaces are in the range of lower orders while the DC furnace has it's dominant harmonics 
above order 10. 

If the converter circuits are using free wheeling diodes and/or phase shifting control, they can 
generate harmonics of lower orders as well. A simple calculation is not possible. 
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3.3      Limitation of Network Disturbances 

The flicker generation can be reduced by increasing the reactance of the DC reactors which 
are located in the DC circuit. ABB recommends this solution /11/. Because the reactors are in 
the high current system, there will be an increase of losses. 

If there are still problems due to network disturbances, the only way of improvement is the 
installation of an SVC. The filter circuits have of course to be tuned to the specific converter 
harmonics. Nearly all important manufacturers have already supplied SVC's for DC furnaces. 
Fig. 18 shows an example. The SVC plant was built in the USA and has to compensate two 
DC furnaces of 130 MVA transformer power each plus two ladle furnaces. Due to the 12-
pulse converter circuits, the dominating harmonic is of order 11. Therefore one filter circuit is 
tuned to this harmonic and it is with 80 MVAr the most powerful. 

4        Conclusion 

There are different possibilities to equip DC furnaces with converters. For the first generation, 
the classic Graetz bridge circuits with 12-pulse operation have been taken, because the 
controller could be taken from drive systems. These solution enabled sufficient furnace 
operation but the expected drastical reduction of flicker could not be realised. Therefore the 
next generation of furnaces is powered by converter circuits operating with reduced reactive 
power and minimised reactive power fluctuation. The latest approach is the use of chopper 
circuits, which have the advantage that the reactive power consumption is minimised. Due to 
the IGBT's very high switching frequency the reactive power fluctuation in the critical flicker 
frequency range can be nearly eliminated says the manufacturer. 

Even if the flicker problem may be solved in the future the problems caused by harmonics 
will be still present, because they are generated by the converter circuits itself. 

In a few cases DC furnaces which have to be compensated by a powerful SVC problems with 
the generation of interharmonics had to be solved /13/. The reasons for the presence of 
interharmonics have been as follows: Because of the great capacitive power of the SVC's 
there have been parallel resonances with the supply network in the range of the 2nd and 3rd 

harmonic. The result was an amplification of the interharmonics (e.g. 125 HZ) which are 
generated by the converter circuit especially if there is unsteady arcing in the furnace. Fig. 19 
shows the interharmonic amplification and fig. 20 shows the result in the 220 kV supply 
network. This problem could e.g. be solved by a modification of the controller. 
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Fig 1: Cuirents and voltages in a B6 bridge circuit 111 
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Fig 2: 12-pulse bridge circuit (top) and 12-pulse interphase transformer connection (bottom) 
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fig 3: Block diagram of a DC furnace controller 
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fig 4: Circle diagram of a DC furnace 
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fig5: Power measuiements al a DC furnace 
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Bild 6: Tliree phase bridge circuit with phase shifting control (top) and the resulting reactive power 
function (bottom) I'll 
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Bild 7: Voltages in a converter according to fig, 6 with phase shifting control 
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fig 7a     Bridges with separate control of the half bridges for constant reactive power 

 

fig 7b     Resulting circle diagram 
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fig 8: M3 circuit with free wheeling diode (top) and voltage and currents 
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fig 9: Reactive power curve of an M3 converter with free wheeling diode 
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fig 10: Three phase bridge circuit with free wheeling diodes. 

E:\ArU\SemmareVEOL\HiiL 01  10 W   Biider E.doc I.etzlc Amierang I I .  10.01 



Electrical Engineering of Arc Furnaces 
figures 

Static Power Converters for DC Arc Furnaces 
and it's Network Disturbances Prof. Dr.-Ing. 
D. Arlt 

   

Fig. 11:   Circle diagram of a DC fumace with free wheel ing diodes and phase shift control 
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Fig. 12:   Measured power of a DC furnace with free wheeling diodes and phase shift control 
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Fig. 13:   Elementary Chopper cell and circle diagram of a DC furnace powered by chopper circuits 
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 Definition of ∆Qmax used in Japanese flicker prediction 
 * C 

Fig. 14: (useless) comparison of the reactive power fliictaation of AC and DC furnaces in order to 
compare the flicker/7/ . 
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Fig. 15:   Flicker of a great DC furnace, 100 consecutive heats, scrap melting periods only, measured at 
the 30 kV furnaces bus 
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Fi g. 16:   Measured current harmonics (max and mean) of a great DC furnace with 12-pulse converter 
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Fig. 17:   Comparison of measured current harmonics of a DC (12-pulse) and an AC furnace 
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Fig. 18: SVC for DC furnace compensation 712/ 
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Fig. 19 Interharmonics generated by a DC furnaces and amplified by parallel resonance with the 
supply network 
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Fig. 20:   Beat in a high voltage network due to interharmonics 
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1.  Electrical design of AC arc furnaces [1] 

 

Curves of constant active power (transformer primary side) 

Lecture "Model-based control of AC EAF", page 18:  

•  arc resistancer RL 
 

•  arc reactance factor      Kx = 0.5 

• short circuit resistance Ro = 0.08 
• short circuit reactance  Xo «■ R|_/Xo = 1.4  (cos 

(add. reactor required above dashed line with Xo 
 transformer voltage       Uso 

 arc voltages ULAC = Uso/2.4 



 

DC furnaces (1 arc) with equal power as for AC (3 arcs): 
•  arc voltage ULDC = 1 -6 -ULAC   assumed 

 electrode current    IDC   = 3/1.6-IAC = 1-88 

Assumptions for productivity performance: 

tap weight for specific power of 600 kW/t at main melting 

annual production for 7500 heats at 60 min tap-tap time: 

• spec, electrical energy 380 kWh/t 
• mean power utilisation 0.85 

 power-on time 45 min 
 power-off-time 15 min 
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2.   Design of comparable DC arc furnaces [2] 
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3.  Assessment of performance assumptions [3] 

Recent MSI Study with 35 furnaces and some others 

 
40% of the furnaces with electrical energy <380 kWh/t 

 
30% of the furnaces with specific power >600 kW/t 
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3.  Assessment continued 

 

30% of the furnaces with power-on/-off <45/< 15 min 

 

Many furnaces with tap-tap time of «60 min or shorter  
 assumptions for productivity performance are realistic 

 



 

Limit values: AC DC 

• highest arc voltage   ≈500 V ≈800V 
• highest current ≈65V ≈120KA 
• highest power ≈100MW 

 tap weight ≈160 t 
 annual production ≈1.2*106 t 

Restrictions to power increase: 

• higher arc voltage no yes <-- arc deflection 
• higher current no yes  <-- electrodes 

DC electrode diameter: 711 mm up to ≈100 kA 

762 mm up to ≈120 kA 
recently developed [4]: 813 mm up to ≈ 140 kA 
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4.   Electrical data of investigated furnaces 



 

Development of the original formula with furnace average values 

1992: 14 furnaces: first version of the formula (5) 

1997: 7 furnaces: extension to post-combustion (6) 

1999: 35 furnaces: extension to DRI, HBI, hot metal, CON (3) 

Modification of the formula to fit single heat values from 5 furnaces 
and monthly average values from 1 furnace [7] 

• adaptation of several factors 
• extension to shredded scrap 
• inclusion of energy losses if measured 
• elimination of continuous/discontinuous operation 

This modification has no great effect on the average values from 
the earlier investigated furnaces 
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5.  Calculation of electrical energy demand
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6.  Energy consumption of investigated furnaces 

  

 actual WE K error dWR = WR - WE 

values in kWh/t mean value mean value standard dev. 

1992+1997 AC 432 +1 17 

1999 AC 420 -1 38 

1999 DC 378 +1 46 

Lower WE for DC furnaces with higher power + productivity 
Error dWR     no energetical advantage for DC furnaces 
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7.  Calculation of electrode graphite demand [8, 9] 

 

 

Effect of oxygen on the side oxidation factor. 
Total oxygen (10): Fs=(3.8+0.135. Mtot/(m3/t). kg/h/m2 
Post-comb.oxygen(11):  Fs=(6+0.15.Mn/m3/t). kg/h/m2 
 
Montly averages of graphite consumption for an  AC furnace 
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8.  Graphite consumption of investigated furnaces 

Estimation of oxidising electrode length: Ls =2.8m 3√GA/100 t 

  

 actual EN error dER = ER - EN 

values in kg/t mean value mean value standard dev. 

1999 AC 1.95 0.00 0.23 

1999 DC 1.13 +0.04 0.07 

 ER ≈1.5 kg/t for AC furnaces comparable to DC 
furnaces 
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9.    Conclusions 

Many advantages were claimed, mainly by furnace suppliers, 
for DC furnaces when these came up about 10 years ago [2] 

 

 AC DC 

graphite consumption 
energy consumption 
refractory consumption 

100% 
100% 
100% 

40...60%     a) 
90...96%     b) 
70...100% 

melting profile 
bath stirring 

cold spots 
bottom stirring 

symmetric 
inherent 

c)             compensation plant voltage fluctuation 
(flicker) no: 100% yes: 50 % no: 50 %     d) 

investment costs 100% 130...150% 

bottom electrode none required 

liquid heel possible required 

arc voltage 
electrode current 

100% 
100% 

160...190%   e) 
190...160% 

a) Graphite consumption is 70.. .85% of that for comparable AC EAF 
Advantage reduced by high graphite price for large DC electrodes 

b) No lower energy consumption under equal operating conditions 

c) AC flicker can be reduced by additional reactor at lower costs 

d) Flicker reduction for high-power DC furnaces lower as expected 

e) High arc voltage (arc deflection, high arc radiation) together with 
high current (large electrode) restrict electric power to «100 MW 
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a) Graphite consumption is 70...85% of that for comparable AC EAF 
Advantage reduced by high graphite price for large DC electrodes 

b) No lower energy consumption under equal operating conditions 

c) AC flicker can be reduced by additional reactor at lower costs 

d) Flicker reduction for high-power DC furnaces lower as expected 

e) High arc voltage (arc deflection, high arc radiation) together with 
high current (large electrode) restrict electric power to «100 MW 

Newer developments: 

DC EAF with 813 mm electrode diam. [4] *    120 MW /140 kA 

AC EAF with 1500 V transformer [13, 14] * >150 MW 
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1.       Introduction 

The first industrial-scale electric arc furnace was tapped in a meltshop in Remscheid 
(Germany) in 1906. Since that time, all electric arc furnaces were first designed and 
built as three-phase AC furnaces, as it was technically and financially impossible to 
design them as direct-current furnaces. AC furnaces underwent a steady development 
over the years, resulting in a high-performance smelter which due to its lower 
investment cost compared to a BOF and its high degree of flexibility has attained a 
significant share in the world's steel production. 

1.1      Why are DC furnaces used 

The tremendous pressure of costs and the declining steel prices demanded that the 
electric arc furnaces be optimised and production costs lowered. 

At the end of the 70s, the semiconductor industry showed phenomenal progress. It 
was possible to build high-performance thyristors at a reasonable price and to convert 
three-phase alternating current into direct current in an economical manner. 

MAN GHH was the first to begin with the development of direct-current electric arc 
furnaces in 1980. The first large-scale technical tests and developments were carried 
out in the prototype direct-current furnace (121 / 6 MW) installed in the foundry of 
Schloemann-Siemag AG in Kreuztal-Buschhutten in 1981. Four years later, the first 
321 /11.5 MW direct-current furnace, type: UNARC ®, took up operation at NUCOR 
Corp., Darlington / USA. The expected advantages of the direct-current furnace were 
proved in this facility in the three-shift operation. The main results were: 

- Reduction in electrode consumption 

- Reduction in network flicker 

- Reduction in energy consumption per ton of liquid steel 

- Excellent meltdown behaviour and intimate mixing of the bath 

- Reduction in noise level 

- High availability 

- Uniform thermal load inside the furnace 

October 2006 Andreas HUbers 



CONVERTEAM 
T H E     POWER   C O N V E R S I O N     COMPANY -3- 

   

Diagram 1: Advantages of a DC furnace compared with a standard AC furnace(1985) 
(average values for medium-range furnace sizes) 

These advantages prove that the DC furnace is a good alternative to the three-phase AC 
furnace. 

Around 110-130 DC furnaces are in operation all around the globe today (status: 2006) 
with an electrical power output of up to max. 1400 kWTt liquid steel. 

October 2006 Andreas HQbers 
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Performance data of a 1001 DC furnace: 

Customer Peiner Trager GmbH, Salzgitter Group 
 

Manufacturer MANGHH
Tapping weight 1001 

Hot heel 201 
Charge material 100 % scrap, cold, charged in two buckets 

Shell diameter 7.1/7.3 m 
Arc power 85 MW (~ 710 V and 120 kA) 
Electrode diameter 750 mm, Start-up (Today 800mm) 
Oxygen 0 28Nm3/tfl 
Charged and injected carbon 014kg/tfl 
Tap-to-tap time 0 33-35 min. 
Power on time 0 23-24 min. 
Bottom electrode Pin-type (large-surface), UNARC 

Number of round bar pins 240 (40 with temperature control) 

Electr. energy consumption 0 35OkW/tfl 

Graph, electrode consumption 0O,9kg/tfi 

Monthly production, max. 100,000 tfi 

Heats Der dav. max. 43 

Fig. 1: Works photograph of the first German high-performance 1251 / 80 MW 

direct-current electric arc furnace in the GeorgsmarienhQtte steelworks, 
Type: UNARC • 

Fig. 2: Elementary diagram of an SMS Demag direct-current electric arc 

furnace Type: 
UNARC • 

October 2006 Andreas HUbers 
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1.2      Process behaviour 

1.2.1   Bath movement (with "pin- type" bottom electrode) 

Due to the central arrangement of the bottom electrode (anode) and the graphite 
electrode (cathode), the DC furnace shows a considerably better mixing of the bath 
(see Fig. 3). The reason for this is: 

- The magnetic field (tapered current distribution) which is caused by the flow of 
current from the cathode to the anode in the melt (see computer model for an SMS 
Demag DC furnace, Fig. 4) 

A secondary factor is the displacement of the liquid steel in the middle of the bath as a 
result of the blowing pressure of the electric arc. 

Due to the good mixing of the bath, an additional stirring by means of inert gas or 
stirring coils can be dispensed with in DC furnaces with centrally positioned bottom 
electrode. 

1.2.2   Meltdown behaviour 

Here again, the central arrangement of the anode and cathode in DC furnaces shows 
an excellent meltdown behaviour for scrap (Fig. 5). The electric arc bores uniformly 
from the top through the scrap to the bath. The electric arc which then burns on the 
bath ensures that the scrap melts down uniformly and forms a cavity which iooks like a 
pear. In this melting phase, the scrap protects the wall and roof elements from the 
extremely high radiation heat of the electric arc. During meltdown, the scrap does not 
cave in like in the AC furnace (which often leads to electrode rupture), but melts down 
uniformly. 

October 2006 Andreas HQbers 
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1.2.3   Foamy slag 

Due to the fact that the entire electrical energy in the DC furnace is transmitted by one 
electrode, the radiation power of the electric arc is very high. 

For example: A higher-power DC furnace with an arc power of 80 MW, a direct current 
of 115 kA, is operated with a direct-current voltage of 695 V. The approximation of 1 V 
DC = 0.6 to 1.2 mm for the electric arc length results in an electric arc length of 400 to 
830 mm during operation, regardless of which process condition is currently prevalent. 
In comparison, an AC furnace with the same power would have an electric arc length 
of approx. 210 mm - 350 mm. 

 

 DC furnace AC furnace 

Power 80 MW 80 MW 

Theoretical 
electric arc 
length 

- 400 - 830 mm -210-350 mm  

This clearly shows that when operating a DC furnace special attention must be given 
to the shielding of the electric arc. During scrap meltdown, the furnace is operated at 
low power in the initial "bore down" phase. Once the furnace shell is shielded from the 
electric arc radiation by the scrap, the furnace can be operated at full electrical power. 
In the liquid phase, directly after the melting of the scrap, the wall and roof elements of 
the upper furnace shell must be protected by a sufficiently high level of foamy slag 
from the radiation of the electric arc. 

For the production of the foamy slag, the following aspects must be borne in mind in 
addition to the quality and production conditions: 

- sufficiently high carbon content of the bath 

- sufficient amount of lime 

- sufficient bath temperature 

October 2006 Andreas HQbers 
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1.3     Comparison of investment costs AC/DC furnace 

Compared with the AC furnace, the DC furnace has approx. 25 % to 35 % higher 
investment costs due to the additional expense involved in the generation of direct 
current. 

On the other hand, this is offset by the savings in the operating costs of the DC 
furnace. Depending on the local prices for energy, graphite electrodes etc., operating 
costs worth € 5 /1 of steel can be saved. 

2.      Structural design 

For the profitable use of direct-current furnaces, there is one essential prerequisite with 
regard to the electrical engineering: the hot heel operation 

The electrical contact between the bottom electrode (pin-type, fin-type, billet-type) and 
the meltdown material (scrap, DRI etc.) is established by means of the liquid hot heel in 
a uniform manner. This ensures that in the case of max. direct current, none of the 
contacts (conductors) of the bottom electrodes is overloaded and possibly melts. 

2.1      Plant layouts 

The layout of a DC furnace is similar to that of an AC furnace. The two deviating 
features are the current supply to the bottom electrode and the arrangement of the 
direct-current generation system. The following elementary diagrams show the various 
solutions presented by the individual furnace builders: 

Fig. 6 Danieli (billet-type) 
Fig. 7: SMS Demag (pin-type) 
Fig. 8: SMS Demag (pin-type), New design 

Fig. 9: SMS Demag - Concast(ABB) (carbon bricks) 
Fig. 10:SMS Demag (billet type) 
Fig. 11 :Siemens VAI (fin-type) 

October 2006 Andreas HUbers 
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2.2     Direct-current generation 

The direct current technology allows the continuous input of power into the DC 
furnace. 

In the case of the DC furnace, the rectifier transformer/s and the power converter/s can 
be installed on the mill floor (favourable civil-work costs). 

A special advantage of the DC furnace is the possibility of not installing the power 
supply unit directly near the furnace shell and not on the furnace centre line. In the 
case of very large DC furnaces, twin-shell DC furnaces and the installation in existing 
steelworks bays, this can be decisive. 

Fig. 12 shows a possible, practical design. 

2.2.1   Main components 

Rectifier transformer Fig. 13 

Rectifier transformers are three-phase transformers which transform high voltage into 
low voltage. The secondary-side circuitry is matched with the type of rectifier circuit (6 
pulse, 12 pulse etc.). 

Rectifier transformers can be operated without a tap changer since the rectifier 
technology enables infinitely variable setting of power. In practice, some furnace 
builders install a tap changer (no load) on the high-voltage end of the rectifier 
transformers. The reason for this is to optimise the cos phi with changing meltdown 
materials. 

Rectifier Fig. 14 

Thyristor Fig. 15 

Cooling Fig. 16 

October 2006 Andreas Hubers 
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Control 

The control system for the DC furnaces consist of two control circuits which can be set 
independently of each other. The first control circuit is the voltage control which, by 
activating the electrode positioning control circuit (regulating cylinder), influences the 
electric arc length and indirectly the direct-current voltage. The second control circuit is 
the current control which determines the direct current via activation of the thyristors. 

Smoothing reactor Fig. 17 

- Function of the reactors Fig. 18 

High-current system 

Here, electrical losses have to be taken into account when selecting the conductor 
material (copper or aluminium). 

2.2.2   Rectifier circuits 

• 6-pulse circuit 

• 12-pulse circuit 

3.       Electrical design  

3.1      Electric arc voltage 

Theoretical examinations of [1] and operating experience with high-performance DC 
furnaces show, depending on the direct current amperage, that at approx. 750 - 800 V 
the value for the maximum direct current voltage is attained at a direct current 
inductivity of 75 uH. 

Practical figures show that the ratio between direct current voltage and direct current 
should be approx. 7:1000 for a stable electric arc. 

Higher direct current voltage can be attained with higher direct current inductivities 
and/or correspondingly higher direct current in the DC furnace. 

October 2006 Andreas HUbers 
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3.2      Power control reserve 

The electric arc of the DC furnace has to be re-struck in case of interruption. This 
process takes up precious production time. In order to avoid this, the electric arc can in 
the case of an impending electric arc interruption be extended within the period of 20 to 
40 msec (12-pulse circuit, Ltotai = 75 uH) by bringing forward the firing angle (Fig. 19 
and 20) of the thyristors. 

The risk of electric arc interruption can, for instance, occur if the electric arc burns 
between the graphite electrode and a long, thin steel piece. The steel piece melts down 
faster than the graphite electrode (mass inertia) can be reset by the electrode regulation 
circuit. 

SMS Demag has a fixed power control reserve here of 20 % (L total = 75 uH). This 
means that in the case of an impending electric arc interruption, the rectifier control 
intervenes and the electric arc voltage is increased by 20 % and the electric arc is 
consequently extended by 20 %. 

October 2006 Andreas HUbers 



-11 - 

3.4      Reactor inductivitv in direct current circuit 

The main function of the reactor in the direct current circuit is to protect the thyristors in 
case of a short circuit (see 2.2.1). This defines the minimum reactor inductivity. 

Another function is the stabilising of the electric arc current. The decisive factor here is 
the amount of the total inductivity (Fig. 21). The measurements (Fig. 22) of DC 
furnaces with varying total inductivrties clearly show the influence of a more constant 
electric arc current on the disturbing flicker. 

Typical reactor inductivities for DC furnaces: 
 

Furnace builder: Reactor inductivity Total inductivity 

Danieli ? ? 

SMS Demag 

(without Concast) 

First generation: 2 * 75 jxH 

Actual: 2* 500 jxH 

First generation: 37.5 jxH 

Actual: 250 jiH 

Siemens VAI 
Actual: 4*100 p.H 

Future: 4* 150 ILIH 

Actual: 25 |uH 

Future: 37,5 \iH 

October 2006 
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4.       Bottom electrodes 

4.1      Concepts of bottom electrodes 4.1.1   

Uncooled bottom electrodes 

•   Bottom electrode Siemens VAI (fin-type) [3] Fig. 23 

Conductor material: Steel plate 1.5-2 mm 

Cooling: None 

Monitoring: Temperature measurement 
Min. change time 8 hours 

Wear rate, average 0,3 - 0,5 mm/heat 

4.1.2   Air-cooled bottom electrode 

Bottom electrode SMS Demag (pin-type) Fig. 24 

Conductor material: Round bar 0 42-45 mm 

Cooling: Air 
Monitoring: Temperature measurement 
Min. change time 10-12 hours 

- Change of bottom electrode Fig. 25 
- Bottom electrode Fig. 26 
- Hearth without bottom electrode Fig. 27 
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•  Bottom electrode Concast (former ABB) Fig. 28 

Conductor material: Large-surface, conductive 

shell bottom of magnesite % and 
graphite bricks(C>15) 

Cooling      : Air 
Monitoring : ? 

Min. change time The hearth is relined here. 

4.1.3   Water-cooled bottom electrodes 

• Bottom electrode SMS Demag (billet-type) Fig. 29 
Conductor material Steel/copper billets 
Cooling: Water, outside the shell 
Monitoring: Temperature measurement 
Min. change time Normally a furnace shell 

change is carried out. 

• Bottom electrode Danieli (billet-type) Fig. 30 
Conductor material Steel/copper billets 
Cooling: Water, within the shell 
Monitoring: Temperature measurement 
Min. change time Normally a furnace shell change 

is carried out? 
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4.2      Service life of bottom electrodes in the DC furnace 

When designing the first DC furnaces, one of the crucial questions raised by the furnace 
builders was: How long will the bottom electrode last compared with the refractory 
material of the furnace bottom? 

For all furnace builders the service life of the bottom electrodes has distinctly 
increased from the first bottom electrodes to the ones used today. 

 

 Carbon bricks Billet-type Pin-type Fin-type 

Service life Up to 3000 
melts 

Up to 1500-
3000 melts 

Up to 1500 melts Up to 2000 melts 

Refractory 
material 

Carbon bricks Ramming mass/ 
bricks 

Ramming mass Ramming mass 

Intermediate 
repairs 

Yes (Carbon 
bricks) 

Yes 
(refractory 
material) 

No No 

The bottom electrodes with metallic conductors (billet-type, fin-type, pin-type) are 
changed after the conductors have been consumed and reassembled outside the 
furnace, i.e. the consumed conductors are replaced. To ensure short idle periods of the 
DC furnace, replacement bottom electrodes are recommended. 
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4.3 Electric arc deviation 

The electric arc should burn centrally inside the furnace to ensure uniform meltdown 
behaviour and thermal loads. 

The following decisive factors must be borne in mind when designing a DC furnace: 

- Thermodynamics inside the furnace 

- Arrangement of the direct current system 

- Arrangement of lances and burners 

- Feeding and type of melting stock 

- Feeding positions of addition agents 

4.4 Economic aspects 

The most important points for the steel maker are reliability in operation/availability and 
the costs per ton of liquid steel. 

When looking at the operating costs, the following points must be taken into account: 

- Costs of the bottom electrode incl. the refractory material 

- Service life of the bottom electrode in the DC furnace 

- In-between repairs on the bottom electrode 

Idle period of the DC furnace when changing the bottom electrode 

In a sample calculation for a 1351 SMS Demag UNARC DC fumace with a tap-to-tap-
time of 60 minutes, the operating costs for the bottom electrode per ton of liquid steel 
range from approx. 0.9 to 0.11 €. 

October 2006 Andreas HUbers 
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5.       Graphite electrode 

The graphite electrode is centrally positioned in the furnace shell. Like in the AC 
furnace, the conductive material used here is also graphite. Since the entire electrical 
power in the DC furnace is supplied to the furnace only via one electrode (three-phase 
alternating current: 3 electrodes), this electrode is expected to meet special 
requirements. 

The high-performance DC furnaces used in steelworks today (e.g. the Salzgitter AG 
steelworks in Peine: 1001 SMS Demag DC furnace with an electrical effective power 
of 85 MW) demand that electrode manufacturers develop graphite electrodes for direct 
currents in the range of 110 kA to 140 kA. 

A special problem here is the thermal conductivity from the electrode core (~ 
2400 - 2700 °C) to the electrode surface (~ 1650 -1700 °C). This occurs in 
particular with the swung-out electrode (~ 20 - 50 °C outside temperature) during 
charging (Fig. 31). 

Today a 0 750 mm graphite electrode is offered on the market by electrode 
manufacturers for an amperage of 120 to 130 kA. The costs (€/kg) of the 0750 mm 
graphite electrode compared with the standard sizes (of the 0 500, 600 mm) of the AC 
furnace are approx. 15 % higher. 

 

Diameter in mm / inch 600/24 700/28 750/30 800/32 

Max. current ace. to 
manufacturer in kA (for 
standard consumption) 

100 120 130 140-160 

Price* 100% 110% 115% 120%? 

*) Depending on manufacturer 

October 2006 Andreas HUbers 
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6.       DC-EAF in operation (example) 

Nucor Berkeley / USA Main data      Fig. 32 

Power input   Fig. 33 

7.       Power limit 

The power limit for DC furnaces (with one graphite electrode) is nowadays clearly 
determined by the graphite electrode. The max. electric arc power of a modern DC 
furnace with a 750 mm 0 graphite electrode falls within the range of 90 MW to 105 MW 
today (Fig. 34). 

With the newly designed 800 mm 0 graphite electrode, a range of 125 to 135 MW 
could be attained. 

If even larger electrical power systems are to be installed in the future, this will imply 
new tasks for 

- the furnace builders 

-the manufacturers of graphite electrodes 

By limiting the max. current for the graphite electrode, a larger electrical power will 
automatically result in a higher direct-current voltage. The ensuing longer electric arc 
and the related higher radiation as well as the additional increase in the use of 
chemical energy (e.g. oxygen, natural gas, post-combustion) requires an accurate 
observation of the inside of the furnace with regard to the thermal load that then 
occurs. 

8.       Prospects 

• Two graphite electrode direct-current furnaces Fig. 35 

• Replacement of bottom electrodes in existing DC-EAFs (first generation) 

October 2006 Andreas HUbers 
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Situation of AC Furnace Design 

Abstracts: 

In the following report a short review will be given about the history of the first high impedance 

furnace operating with secondary voltages up to 1200 V and the latest high impedance furnaces 
with secondary voltages between 1350 up to 1500 V /1600 V !. 
Comparison between low and high impedance design will show the advantage of both designs , 
but to day practically all new furnaces are high impedance design . 
Even AC-EAF's for stainless steel production are using additional reactors to optimize 
The electrical parameters . 
The influence of high impedance design on the flicker level will be shown in one example . 

Finally in part 1 a new trend is explained , the EAF with one single basket charge . 
(ULTEVIATE-EAF, ARCsess-EAF) 

And finally in part 2 a short review about integrated scrap preheating including off gas 
treatment will show the economic features of this latest development. 

Part 1 : High Impedance AC Furnace 
In the last years practically all new furnaces were designed as High Impedance AC furnaces . 
The enthusiastic DC-phase seems to be finished since High Impedance AC furnaces have 
achieved electrode consumption below 1,4 kg/t, even 1,1 kg/t have been reached . The reason 
for this might be the fact, that DC furnaces were built by former BOF shops , looking for the 
Latest technology . Since several years AC operating melt shops are modernizing their plant and 
decided to go modern designed AC-furnaces , High Impedance Design . 

The first paper about high impedance design was published approx. 23 years ago , when 
everybody -including me- pushed still hard for low impedance design . 
At this time the aim was to use the existing transformers to its maximum capacity to achieve 
more arc power . A lot of existing furnaces had not sufficient secondary voltage and with the 
reduction of resistance and reactance with current conducting arms it was possible to get more 
arc power .The small pitch circle did help to overcome the hot spot problem and the copper clad 
cc-arms are nearly maintenance free. 
In the paper of Mr.Ben Bowman the effect of a reactor with a switch was explained allowing 
longer arc with stable operation and with reduced electrode consumption . 
The first installations of reactors with offload switch , a 35 t EAF and a 54 t EAF , showed the 
expected reduction of electrode consumption in combination with improved foamy slag 
practice. 
Ispat-HSW had a design with an On-Load switch for the reactor, resulting in maximum 
flexibility for the operators of the furnace 
The real success of a high impedance furnace came with the DC furnaces . 
The reduction of electrode consumption of a DC-EAF is counterbalanced by extremely long 
arcs , especially during the meltdown phase without foamy slag , But even with foamy slag 
the arc length of a DC-EAF is much longer than an AC-EAF . 
But indeed , the High Impedance EAF is also working with longer arcs -not as long as DC - 
but the direction is the same . 



Picture 1.01 :Comparison of arc length DC versus AC 

Because an AC-EAF has three electrodes the arc length is shorter and the new target was to find 
an economic design for a high impedance EAF with high power input, low secondary currents 
with high voltages , but stable arc conditions   . 

At that time the rules in Germany did not allow to use more than 1000 V and all high 
impedance EAF's used secondary voltages below 1000 V . 

Finally a British customer agreed with a design of a 170 t EAF with 
120 MVA TRF , maximum 1200 V , uk=21% . 
The installed reactance had a fixed value and therefore the electrical design had to be made in a 
safe manner . This is the most economical solution , but the flexibility to modify the arc length is 
partially lost. This design was selected to show a large cost difference between the DC-design , 
favourite of the board of directors , and the AC - design , engineers favourite . 

Picture 1.02: Single line diagram 

It is important to note , that the power factor is mainly interesting at the power source , or at the 
point, where the primary voltage is more or less constant. 
The power source can be either the power station or the SVC-system or even the capacitor 
bank 

To explain the electrical design to the customer the following formulas were used . These 
formulas allow a power input calculation starting from an existing or proposed Single line 
situation . Yesterday you learned a method starting from an arc power target. 

Picture 1.03 , Picture 1.04 ,...1.07 

Picture 1.08 :Operating reactance under various arcing conditions 
The factor F = Operating Reactance/Short Circuit Reactance is varying during the melting 
process , so any calculation can only be an average calculation . 
Table 1.09:Linecalc 
The above mentioned formulas were used in this Excel Sheet: 
As you see from Table Linecalc the calculated power factor at the EAF is approx. 0,8 , at the 
power source it was calculated only 0,74 
Indeed the power factor at the beginning of operating with 1200 V was much lower . 
The explanation is , that the Factor F( ratio operating impedance versus short circuit 
impedance) is very high at the beginning of meltdown . 
Of course the 1200 V tap was not used right at the beginning of meltdown , but even when the 
electrode is far enough away from the roof and the 1200 V tap was possible , the 
Factor F = Operating Reactance / Short Circuit Reactance - is still high. 
Our calculation are using an approximation of the Bowman curves . meanwhile you have 
learned another calculation method of Prof.Kohle . 

A few minutes later the "melting"line is reached and the power input was comparable with the 
calculation . 



During the hole melting process no arc instability could be seen and the electrodes were 
extremely stable without any side movements . This stable operation has from my experience 
several reasons : 

-electrical design and operating points 
-mechanical design -metallurgical 
process influence 

Electrical design and operating points 

Picture 1.10 :Circle diagram high and low impedance 

As you see from this picture the same MW-input can be achieved with complete different 
operating points . For the mechanical stress into the electrodes , the electrode arm , column 
and roller guiding the "Lorenz Forces " are responsible and they are related on current squared . 

Table 1.11 : Technical data of low and high impedance design 

The ratio of operating current versus short circuit current is an important factor for the side 
movement of the electrode . The "Lorenz Forces " of a low impedance design versus high 
impedance can be up to 2,4 times higher ! 
This low short circuit current is also helping to reduce electrode tip consumption . 
In any case the foamy slag practice is extremely evident. 
A good balanced reactance of the three phases and the use of reactors is helping to minimise the 
harmonic distortion . 
Picture , 1.13 and 1.14 
The disadvantage of fixed reactor set point is, that the transformer should have a slightly larger 
capacity . This disadvantage can be avoided if an on load switch for the reactor design is 
selected . 

Picture 1.15a , Secondary Voltage 1350 V , current up to 56 KA possible with the 
proposed reactor . arc power 84 MW during melt down phase . 87 MW during foamy 
slag , arc length up to 462 mm . 
1.15b ,Secondary Voltage only 1000 V , currents can not be increased above 56 KA , 
arc power only 64 MW, arc length 344 mm , 
1.15c ,Secondary Voltage 1000V , Reactor 0% , current now up to 72 KA possible, 
arc power up to 81 MW , arc length 336 mm . 

Mechanical design 

Picture 1.16 :Current Carrying Capacity of Electrodes AC versus DC 

A large electrode diameter is helping to reduce the deflection of the electrode caused by 
bending stresses from the " Lorenz Forces" , Any side movement is starting at the electrode tip 
and the electrode has a limited bending capacity and the joints are the weak point of the 
electrode , Since spray cooling is standard there is no need to look for small electrode , just 
opposite is better , because the tip consumption is related to the tip surface divided by current 
squared. 

To avoid to much side movement the mechanical design of electrode arms , columns, 
guiding and so on must be stiff  enough . 



Further on it is possible to counter balance the electromagnetic forces by a proper 
Electrode arm /column design. 

Picture 1.17 : Electrode Consumption versus Current Load DC-EAF 
This picture is just for information to avoid a wrong selection of electrode diameter for DC-
EAF. Our experience is , that there is a similar behave in AC furnaces . 

Picture 1.18: Ratio between front part versus tail end of an EAF 

The long tail end is helping to counterbalance some of the electromagnetic and mechanical 
forces . 
One advantage of the "loop symetration" of the electrode arms is , that there is no need for a 
triangulated high current cable configuration, thus the counterbalancing is easy . 
In the first high impedance EAF with 1200 V all of this features were used to get maximum 
stability of the electrode guiding system , which was indeed achieved. 

Metallurgical Process Influence 

The usage of oxygen- fuel burners or preheating of scrap or both is a well known 
possibility to stabilise the arc early . 

Picture 1.19 : Power Input into a FS-EAF without and with Scrap Preheating 

As can be seen from this picture the improvement of power input is in the range of 10 % . and 
meanwhile most of the fast operating "Standard EAF's" are using burners . Picture 1.20 and 
1.21 
These two Pictures are showing Japanese surveys about the influence of oxygen and scrap 
density to yield and power consumption . It is obvious , that the to days power consumption 
numbers are much lower, but it is also clear, that the influence of the scrap density is high , 
especially when using scrap preheating with burners and lances in the furnace . If the scrap is 
too dense , the off gas of the burners can not penetrate the scrap sufficiently . 

Practical Results of the 1200 V operation 

With only 52 to 58 kA operating currents the power input showed approx. 80 MW . 
The arc length is in this case approx,470 mm . 
Of course it is clear , that the duration to operate such arc length is depending strictly 
on the availability of perfect foamy slag . 
Any interruption of oxygen blowing , for instance by elongation of the pipes of the 
Lance manipulator , or an empty carbon bin is causing a loss of foamy slag and immediate 
overheating of water cooled panels . 
Finally the customer changed to copper panels with fins , where the slag is caught much better 
than on steel panels. 

Picture 1.22 Panel Comparison Steel vs, Copper 

Very helpful could be electrode control systems with the possibility to detect foamy slag . 
In case of missing foamy slag carbon blowing starts automatically . 



(For instance ARCOS , SPIE TRENDEL etc) 

The only problem occurred during start up of this furnace was arcing of the rubber hoses of the 
high current cables . The hoses had to be exchanged against better insulated one . 

In the performance tests an electrode consumption of < 1,7 kg/t was achieved . Meanwhile high 
impedance furnaces with electrode consumption below 1,4 kg/t are existing. The power level of 
high impedance furnaces have reached values above 130 MW , electrode consumption < 1,12 
have been confirmed (Shaft Furnaces). 

Effect of high impedance on flicker 

A modification of a furnace from low impedance to high impedance has shown 
(in this example ! ), that the so called Kst-factor did drop from 85 to 70 . 

Pst= Ssh.c.eaf/Ssh.c.line *Kst 

This furnace was equipped with a 64 MVA transformer without reactor and only 680 V . 
The furnace was causing flicker and the power supply company pushed the customer towards a 
SVC System . 
After changing to a transformer of 100 MVA, max. 1200 V , with reactor the flicker level was 
acceptable and the calculation showed a Kst-factor of 70 . 
In an other example we found a Kst-factor of even 65 , transformer was 120 MVA , 
max. 1350 V . 
But I have to point out, that in this case , the scrap was preheated with burners (double shell 
Design ) and the scrap had small sizes with high density , approx, 0,78 t/mA3 . 

Picture 1.23 Different Operating Points of High Impedance Furnaces 

Pictures 1.24-1.39 
Some practical furnace picture showing the specific design of this first high impedance furnace 
with max. voltage of 1200 V . The single point roof lift system is allowing a fast exchange of 
the refractory delta or the complete roof itself. 
The last three pictures are showing an extremely high powered SS-EAF , 8 m shell dia 
And 3,2 m upper shell height, which would allow a single basket charge , if a scrap density of 
0,8 is available . Power On-time for melting 1501 liquid stainless steel is only 40 min , 
In spite of the large shell diameter and height. 
The latest stage of AC-High Impedance Furnaces is a 250 t EOBT-Furnace equipped with a 
240 MVA transformer and using the Single Point Roof Lift . The transformer is equipped 
with an On-Load Tap-Changer for the reactor allowing a perfect adjusting of the system 
reactance during the melting and overheating process . Shell diameter approx. 9,1 / 9,3 m , shell 
height 3,2 m , electrode diameter 711 mm , but also 762 mm diameter is possible . 
Due to the extremely high transformer capacity a large SVC-System is necessary to stabilize the 
primary voltage . 
The On-Load Tap Changer for the reactor allows a smooth adoption of the total reactance 
controlled by the electrode control system . The power input level and the arc length can be 
adjusted to the process requirements . The maximum power input is approx 180 MW using a 
voltage below 1500 V . If a secondary voltage of 1600 V is allowed to be used a maximum 
power of 200 MW might be possible in future , 

Finally I got two reports about a new trend in electric steel making : The Single Basket Charge . 



ULTIMATE EAF     and   ARCsess . 
Picture 1.39 and 1.40 
Without knowing all details it is not explainable , why furnace A has such high energy 
Consumption . The reason might be poor scrap and different burner / lance design , reactor not 
on-load switchable , off gas suction to high and so on . But the productivity of these type of 
furnaces is extremely high . 
As you see from this picture there is a lot of burner - lance -post combustion nozzles needed to 
Get the high productivity . 
But never the less the total oxygen consumption with approx. 32 mA3/t is in an reasonable 
range. 
Due to the very short tap-to-tap-time a special ladle furnace design is used . 

Conclusion 
Today practically all new furnaces are high impedance design , even in stainless steel furnaces 
reactors are used to reduce the mechanical loads to the system and to stabilise the arc . 
With an on load switch of the reactor the transformer can be used to its maximum capacity and 
it is more easy to find an optimum operating point during melt down (scrap influence!) and to 
adopt the arc length to the foamy slag practice during flat bath operation , 
The new trend with Single Basket Charge will bring another step in EAF productivity . 

Part 2 : Integrated Scrap Preheating 
The definition of a furnace with integrated preheating is : 

-Closed loop of the preheated scrap . No open movement or open charging 
of preheated scrap . The off gas coming from preheated scrap must be kept in a 
closed loop to allow A perfect treatment of the off gas . 
In the report of "Prof.Pfeiffer " a complete overview of scrap preheating process routes is 
given , so this report is limited to the latest information of the "Finger Shaft Furnaces " . 

The principle of a Finger Shaft Furnace is well known 

Picture 2.01 

The preheated scrap on the fingers is charged after finished tapping , tap hole filling and burner 

shell ignition by opening the fingers and immediately the second basket is charged with the 
charging crane . 
The melting process with the electrodes begins now . After melting down the scrap for the 
actual heat and the fingers can be closed , the basket for the next heat is charged on the closed 
fingers . 
Picture 2.02 
Safety fans are blowing air at the entry of the PC-Chamber to take care of the CO cloud , which 
occurs during scrap collapsing . 
The normal combustion oxygen for the melting process is either coining from oxygen nozzles, 
Suction air into the furnace from the dedusting fans or from additional air fans in the finger 
housing. 
Scrap with impurities from plastic , rubber, colour and so on is creating smell and poisonous 
Gases during melting , but especially during slow preheating . But even with the fast melting 
pattern of a Finger Shaft Furnace this problem exists . The creating of these smelling and 
poisonous gases starts at 250 to 300 °C and some of them are extremely stable . 



Picture 2.03 Shaft Emission Control 

Even for the destroy of the VOC's an off gas temperature of above 700 in the PC-Chamber is 
required . 

Picture 2.04 Temperature in the Combustion Chamber 

As seen from the picture 2.04 it is not economical to reheat the off gas to a temperature of 900 
or 1000 ° C to destroy the PCDD's .. 
The complete system to control the off gas of a finger shaft is shown in 

Picture 2.05 

The temperature in the PC-Chamber is hold in a range of >700 to 750 °C by a burner system . 
The off gas is cooled down to a range of approx.550 °C in the following water cooled duct 
followed by a quench . After the quench a temperature level below 250 °C is achieved , 
consequently only a small recombination of Dioxines does occur . 
To flail fill the latest requirements for Dioxin a Carbon Injection System is installed before the 
bag house. 
Such a System was installed several years ago in Swiss Steel Gerlafingen and a second one is 
installed in Spain . 

The results of Gerlafingen are shown in 

Picture 2.06 
The economic effect of integrated scrap preheating is shown in 

Picture 2.07 

As you see , an important cost saving factor is the improvement of scrap yield and the reduced 
Amount of dust in the bag house . 
Also a reduced flicker level was observed , which might help sometimes to avoid a SVC 
System. 

The Thermo Shaft is the next step to minimise the burner energy in the PC-Chamber . 

Some examples for integrated scrap preheating are shown in the following pictures : 

Finally I show some actual shaft furnace pictures of different designs . Conclusion 

With the to days technology it is shown , that integrated scrap preheating is proven to full fill 
Even the strongest off gas requirements still showing an economic effect on the conversion cost 
of the EAF-Process . 



World wide more than 30 shaft furnaces of different designs are operating with AC -power 
level up to 110 MW , DC-Single Electrode up to 90 MW , DC-Double Electrode up to 
130 MW. 
The Technology is not easy , so one customer in an industrial country is dismantling the shaft 
after two years , the other customer did just start up the third Finger Shaft within six years . 
Couple of years ago a melt shop superintendent told me : Success of a Technology is depending 
only 30% on equipment but 70 % on the operating team . 
But it is also easy to understand , that the new technology with Single Basket Charge is more 
easy to handle , but also not easy to design . 



  

 



 



The influence of the line capacity to the system reactance is : 
 

       

SimUation of the line impec Jance = line reactance: Zn=1,1*LT2/Sk = Xn   

 Example      

Primary Voltage Uo(KV)=                         275    

Line Short Circuit Capacity! Sk (IVN/A) =                 15000    

 Zn = Xn=             5,5458333 Ohn    

••       

Related to the secondary side of the EAF-Transformer:     

 xn = Xri*(U2/Uo)'2*1 /1000 mOhm    

or xn = 1 .rLC^Sk^i/IOOO mOhm    

 Example:     

 U2(V) = xn = 0,1056 mOhm  

  

1200 

xn = 0,1056 mOhm  

       

The influence of the line cables can be considered , if the impedance (reactance) is knovui: 
       

Example : line cable Resistance = approx. Reactance XI 0,8 Ohm   

Secondary side of EAF-Transformer: xl = (UE/Uo)^ *1/1000 = xl 0,0152 mOhm  

       

1.03 



 Step Down Transformer   

Primary Voltage Uo =  Uo =  275 KV   

Appearant Power of Step Down Transformer         S1  200 MVA     

Sec.Voltage TRFstd = Primary Voltage of Reactor  34,5 KV   

Impedance of TRFstd (%) =                              ukstd  22,00%    

Losses of TRFstd  Pk =  600 KW   

The total Impedance Z related to the secondary side of the EAF-TRF is :   

 Zstdtrf = ukstd*U2A2/S1/1000 = 1,5840 mOhm  

 Rstdtrf = Pk *(S2/U2)A2 * 1/1000 = 0,0167 mOhm  

 X stdtrf = ( ZA2 - X^yKJ.S = 1,5839 mOhm  
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 A Reactor is normally at the primary side of the EAF-transformer, it might be inbuilt into the EAF-transformer 
        

The effect of the Reactor is a voltage drop at the primary side of the EAF-TRF , when operated at  

        

nominal current. This is causing a damping effect, the system gets softer.    

        

 Seaf = Appearant Power of EAF-Trf         = 120 MVA =Qb of Reactor = Through going Powe 

U1 (kV) = Primary Reactor Voltage =  34,5 KV = Sec.side of Step Down Trf  

Usec (V) = Used secondary voltage of EAF-trf = 1200 V    

Xd1 = Primary Reactor Impedance    =  1,4 Ohm    

 Pk (KW) = Reactor losses =  200 KW    

[The Resistance of the Reactor is :                          Rd = Pk*(U1/Qb)^2 /1000 = 0,0165 Ohm  

Xd2 = Secondary Reactor Reactnce = Xd1*(Usec/U1)^2 * 1/1000 = 1,694 mOhm  

The effect is depending on the the square of the used secondary furnace voltage   

        

The power going through the Reactor equals the EAF-trf-appearant power    

        



 Furnace Transformer      

Production requirement is the base of the EAF-trf appearant power           S2 = MVA  

     
120 

  

The nominal increase of the winding temperature is specified as              Tw1 = 55 °C  

       

The maximum increase of the winding temperature is  Tw2= 65 °C  

       

Max.continous appearant power of EAF-tr         S2max= 1,12*S2 = S2max= 134,4 MVA  

       

At that time only 610 mm electrodes were used at the most high powered AC-furnaces   

       

To limit the arc length and also to reduce electrode temperature stress the current range was specified : 
       

 12 min = 52 KA 12 max = 68 KA  

The max.secondary voltage is : U2max = S2/3A0,5/l2mir 1*1000 = 1332,3 V  

Constant power range down to : |U2min = S2/3A0,5/i2ma x*1000 =  1018,9 V  

A common short circuit voltage (based on the trf-design) is :                   uk = 8%   

Simply for cost reasons a "Booster Transformer" was selected with an    uk2 = 21%   

The Reactor is part of the EAF-transformer:  U2 max = 1200 V  

 Constant Power Range to :  U2 min = 1000 V  

 Lowest Tap :    750 V  

    Pk2 = 850 KW  

 Z2 = mk2*U2A2/S2/1000 = 2,520 mOhm   

 R2= Pk2*(S2/U2)A2* 1/1000 0,0085 mOhm   

 X2= {ZA2 - XA2)A0,5 = 2,520 mOhm   

Using this design the arc length can not be changed by different reactor steps , the only possibility is  

to change the secondary currents or voltages .      
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 The ARC-Furnac     

Tap-weight Ga              170 t    

Shell Diameter Di =             7,3 m    

Secondary Reactance X3=          2,79 mOhm    

Secondary Resistance R3             0,38 mOhm    

 U2=          1200 .V    

The total short circuit imp      

       

Z ges = ((Rstdtrf+R 
A

7,01 mOhm 
       

The Short Circuit Current shc=      U2/3A0,5/Zges 98,82 KA    
       

The proposed secondary current is      12 58 KA    

The operating Z(mOhm) is then : 11,95 mOhm  

The "arc resistance" is :        

Rare = (ZoperA2-(F*(X3+Xtrf2+Xd2 )+Xstdtrf+Xn)A2 )A   

Uarc = Rare *I2 =         Uarc phase volta     

Dare comb.= Rare * I2*3A
                       

Pare total = Uarc comb. * 12 *3A0,5 = Uarc * 12 *3         Pare phase 

Larc(mm) = Uarc-40 = Uarc comb/3A0,5.-40                     
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Low Impedance        High Impedance       Maximum High Imped. 

Secondary Impedance (mOhm) 2,77 2,77 2,77 

Secondary Current (KA) 63 58 52 

Measured Active Power (MW) 85 85 85 

ARC Power (MW) 81 82 82 

Transformer Rating (MVA) 105 120 120 

Secondary Voltage 960 1200 1350 

Short Circuit Current (KA) 138 98 89 

Sh.Circ.Curr./Operat.Current 2,12 1,96 1,71 

Lorentz Force 183% 100% 82% 

ARC Power/Transf.Rating 77% 68% 68% 

1.11 



 

 



 

 



 
 
 
 



 
 
 



 
 
 

 
 
 
 
 
 
 



 



 

 



 

 



 

 



 



 

  



 

 



  Different Operating Points of High Impedance Furnaces  

      

 Furnace A Furnace B Furnace C Furnace D Furnace E 

TRF(MVA) 33/33,6 120/134,4 120/134,4 188 240 

U2m max (V) 700 1200 1350 1500 1616 

Reactance 6.03 7 6.5 8.2 variable 

I sec (KA) 30 52 58 72 86 

MW 28 90 110 130 140/172/185 
EAF-PF 0,78 0,79 0,88 0,71 0,73 

Line-PF 0,78 0,72 0,78 0,67 0,73 

SVC X -- -- -- X 

Figure 1.23 



 



 



 



 



 



 



 



 



 



  



 



 



 



 



 



Furnaces with Single Basket Charge 
 

 OfenA Ofen B 

Tap Weight (t) 82 90 

Shell Diameter (mm) 6700 6800 

Shell Height (mm) 3500 3000 

Transformer Rating (MVA) 110 100+20%

Sekundary Voltage Range (V) 813-1201 740-1025

Reactor (Ohm) max.2,5  

Transformer Active Power (MW) 75 72 

Average Power On-Time (min) 28 25 

Tap to Tap-Time (min) 35 37 

Elektrical Energy Consumption (kWh/t) 400 358 

Gas (NmA3/t) 6 5,4 

02- (NmA3/t) 33 31,8 

Tapping Temperature 1660 1666 

Lime (kg/t) - 51,55 

Electrodes (kg/t) 1,7 - 

Production (t/h) 140 140 



 



 



 



 



 



 



 



Shaft Emission Control 

measured required 

VOC'S         mg/Nm^3 9 20 

NOx mg/Nm^3 34 250 

Dust mg/Nm^3 7,2 10 

PCDD's      ng/Nm^3 <0,l 0,5 

Figure 2.06 



Shaft Cost Comparison 
 

 EAF Cost di EAF Cost di FSEAF-RBT  FSEAF-RBT Unit cost  
 20% more Power (€/t) Same Power  Nervacero (€/unit)
Tap-wght(t): 70.0 70.0 70.0 130
TRF- Rating 80.0 65.0 65.0 105
Average MW: 60.0 46.0 50.0 77
P.ON-T(min): 28.0 36.0 27.0 32.9
P.OFF-T: 13.0 2 bask. 13.0 12.0 2 bask 12.7 3 baskets/heat 
Total 02: 40.1 0.72 30.0 0.00 30.0 30 0.07 €/Nm´3
Ch. C(kg/t): 15.0 0.86 4.0 0.07 3.0 0 0.07 €/kg
Blown C. : 5.0 -0.15 5.0 -0.15 6.0 9.6 0.15 €/kg
Fuel (l/t): 5.2 -0.31 4.0 -0.45 8.0 9.58 0.11 €/l
el.en. (kwh/t): 362.0 1.17 395.0 2.18 324.0 327.3 0.03 €/kwh
Electr.(kg/t): 1.6 0.56 1.8 1.12 1.4 1.12 2.81 €/kg
Dust (kg/t): 20.0 1.43 20.0 1.43 13.0 Not known 0.20 €/kg
Yield(%): 0.89 2.47 0.9 1.22 0.91 0.922 100.00 €/t
Fix cost red: 102.4t/h 1.95 85.7 8.16 107.7 171.1 t/h 40.00 Fix cost/t
Flicker level: 100.0 100.0 60.0 60
Cost Difference EAF-FSEAF: 8.70 13.59 Without offgastreatment 
  7.1 12.0 With offgastreatment and coke blowing 
  using 9 Nm´3/t Gas, w-cooled Shaft
   

Figure 2.07 
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Foaming Slag Control 
Klaus Kruger 

For decades the operation of electric arc furnaces for steelmaking has been characterised by a 
variety of innovations. One of such innovations is the foaming slag practice which has been 
established since the end of the seventies (Figure 1). 

 
Figure 1. Foaming slag 

1. The Slag Foaming Process 
In the case of quality and carbon steels, the foaming slag is produced under suitable boundary 
conditions by carbon monoxide bubbles. These are formed as a result of the reduction of the 
iron oxide contained in the slag: 
(feOn) + (c) ↔ (Fe) + (CO). 

During foaming, the volume of the slag increases by the factor of 10 to 20, which means that 90 
to 95 percent by volume of the foaming slag consist of gas. 

10 15 20 25 30 

FeOn content of the slag in % 

Figure 2. Dependence of the foaming capability on slag viscosity [1] 

 



In addition to the iron oxide content and the presence of carbon or fine coal, the foaming 
capability of the slag mainly depends on its composition (basicity), temperature and viscosity. 
These parameters are also interdependent. As an example, Figure 2 shows the especially 
significant viscosity dependency. 

So far, the foaming slag practice has become established only for quality and carbon steels. In 
the field of stainless steels, recent approaches use suitable additions like calcium nitrate to 
obtain foaming slag, too. 

2. Advantages of the Foaming Slag 

60         
90 Time 

in s 

Figure 3. Reaction caused by free-burning arcs 

A considerable portion of the electric arc energy is emitted by the arc column as radiation. If free-
burning arcs are used, this radiation immediately strikes the furnace vessel. As can be 
recognised from Figure 3, the radiation results in the rapid melting of the slag cakes 
accompanied by considerable thermal losses. While the melting process may take as little as 
approximately 1.5 minutes, it will take approximately 30 minutes until the cakes have formed 
again [2]. 

400 425 450 475 500 525 

Specific el. energy consumption in kWh/t|q 

Figure 4. Relationship between energy consumption and productivity 

 

 



Foaming slag is useful because it shields the electric arc. This makes it possible to melt with 
large arc lengths and high arc powers even in the flat bath period while still achieving a good 
energy transfer to the melt as well as an acceptable refractory wear. A higher electric arc power 
can result both in a reduced specific energy requirement and higher productivity (Figure 4). The 
decisive element in this process is the extent to which portion b of the direct losses increases 
with the power. Generally, the foaming slag is said to reduce the energy requirement by 10 to 
30 kWh/t. 

3. Conventional Foaming Slag Control 
A certain amount of the carbon and oxygen required for the formation of the carbon monoxide 
bubbles is contained in the feedstock. Homogeneous and continued foaming, however, usually 
requires fine coal and oxygen to be fed. 

Fine coal and oxygen are injected using lances and/or injectors. The dosage is controlled either 
by means of an operating diagram or manually by the furnace operator. In an operating diagram 
the substance amounts are coupled to the melting progress through the energy consumption; 
whereas manual operation requires the operator to determine the required amounts on the 
basis of the furnace behaviour. Neither of the methods fully meets the requirements of the 
process. The rigid operating diagram does not respond to the varying operating conditions, 
while manual operation is based on individual assessment and requires high attention. There is 
considerable optimisation potential in both cases. 

This explains why efforts are being made to develop an automated foaming slag control which 
must be capable or ensuring that the arcs are safely covered while keeping the consumption of 
fine coal to a minimum. 

4. Slag Signal 
The control requires a signal which objectively describes the current foaming slag level or the 
covering of the electric arcs. For this purpose, there are several approaches, especially for AC 
electric arc furnaces. The following parameters are used: 
• thermal quantities, 
• the bath level, measured by means of microwaves or laser, 
• the light emission of the arc, 
• characteristic values determined from current and voltage, 
• the sound emission of the arcs, and 
• the vibrations of the furnace vessel. 

Reference Signal 
When the suitability of the above-mentioned signals is to be examined, the question of their 
correlation with the actual slag level arises. To answer this question, a reference signal to 
describe the slag level would be useful. 

Occasionally, the specific energy requirement is used as a reference. In this case batch mean 
values have to be considered. Because the energy requirement depends on various 
parameters, it does not directly reflect the slag level. On the other hand, the energy requirement 
is one of the most important operating parameters and certainly a decision criterion when the 
long-term use of a slag signal is considered. 

Another approach was taken in studies performed on the 1351/105 MVA AC electric arc furnace 
of the ISPAT Hamburger Stahlwerke [3]. Here, an online classification by an expert was used as 
a reference. The slag level is recorded using a sliding control scaled from 0 to 10. Subsequent 
off-line assessments on the basis of the related video recordings confirm the reliability of the 



assessment. This reference signal generated with high effort allows to examine how the 
potential slag signal correlates with the actual slag level during the batch process. 

Thermal Quantities 
The temperatures and the waste heat power of the water-cooled part of the furnace vessel react 
distinctly to free-burning arcs. Depending on the condition of the slag cakes, however, the 
reaction is delayed by up to 30 seconds (Figure 3). These quantities are thus not suitable for 
being used as input quantities for slag level control. If necessary, they may be used for 
subsequent analysis. The fact that further parameters such as the refractory condition or the CO 
post-combustion may be of considerable influence has to be taken into account in this 
connection. 

Slag Level 
The determination of the slag level through a direct measurement would seem to be an 
adequate method. In addition, it could also be used at the same time to determine the liquid 
heel amount. A method especially worthy of consideration is the measurement of the travel time 
of laser light or microwaves. To achieve good results, the beam should strike the bath surface 
vertically. 

 
Figure 5. Microwave sensor [4] 

Random tests with laser distance measurements performed through the furnace door from the 
top did not lead to useful results [3]. The movements of the bath and the reflection 
characteristics are considered to be the cause. Level measurement by means of microwaves 
was examined in more detail [4]. The related water-cooled sensor (Figure 5) is mounted on top 
of the furnace cover. The sensor has a measuring dot diameter of 70 to 100 mm and a 
resolution of 5 mm. The necessary direct view to the bath surface is ensured using compressed 
air. 

The level cannot be inferred directly from the data measured by the sensor. Especially when the 
bath surface is troubled, the measuring data will be extremely noisy and need interpretation. In 
general, however, the level signal obtained seems to be useful. 



Light Emission 
The spectrum of the light emitted from the inside of the furnace is dominated by the IR portions, 
while the arc radiation is dominated by UV portions (Figure 6). It can thus be expected that free-
burning arcs will be characterised by a high UV portion in the light emitted from the furnace. 

1000        1500        2000 
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Figure 6. Spectrum of the emitted radiation 

Figure 7 shows the radiation intensity recorded with a light measuring system in the 270 to 320 
nm wavelength range. The light intensity shows a good correlation with the reference signal, i.e. 
the expert assessment of the slag level [3]. It also becomes obvious, however, that the light 
measuring system is very sensitive to changing visibility conditions and dirt. Its suitability for 
being used in a steel mill seems therefore limited. A more robust signal is obtained by 
determining the quotient of the UV and IR light intensities [5]. 
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Figure 7. Foaming slag determination by means of UV light intensity 

 

 



Electric Characteristics 
Frequently, characteristic values determined from the time history of the electric quantities are 
proposed to describe the foaming slag level in AC arc furnaces. Among the values proposed 
are the distortion factor of the arc voltages [6], the reactive voltage of the arc [7] or the short-
term fluctuations of the RMS current values [8]. The advantage of these characteristics is the 
availability of the underlying signals. 
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Figure 8. Foaming slag determination based on the distortion factor of the phase voltage [3] 

Generally, the electrical characteristics stated above are correlating well with each other. Their 
suitability to describe the foaming slag level seems to depend significantly on the respective 
furnace and the production programme. The BFI (Betriebsforschungsinstitut), for example, 
reports that it has successfully used the RMS current value fluctuations 

EFS =б(I2)       where / is the phase current (20 ms RMS values, 10 Hz high-pass 
filtered),               I2 

in the 95 t/105 MVA AC electric arc furnace of ARES in Schifflange. Attempts performed by the 
BFI to use this signal for describing the slag level also in a DC electric arc furnace failed [8]. 

The foaming slag level produced in the 135 t/105 MVA AC electric arc furnace of the IHSW 
(ISPAT Hamburger Stahlwerke) also cannot be satisfactorily assessed on the basis of the 
electrical characteristics [3]. As Figure 8 shows, the voltage distortion factor reflects the melting 
progress, but does not correlate with the reference slag signal. The process applied by the 
IHSW is characterised by the continuous addition of sponge iron and the related long liquid bath 
phase. 

Sound Emission 
The sound emitted by the furnace or the electric arcs is another potential signal for describing 
the foaming slag level. The sound emission seems to be predestined for being used for this 
purpose, because experienced operators assess the slag on the basis of the sound. 

In an AC electric arc furnace, the three arcs are fed by three 120° phase-shifted phase 
voltages. This means that during one 50 Hz period six arc cycles occur. Consequently a 300 Hz 
acoustic signal with the related multiples is to be expected. Asymmetric currents and sound 
transmission paths generate 100 Hz signals and multiples, while asymmetric anode and 
cathode half-waves result in 50 Hz components. 

 



Frequency in Hz  
Figure 9. Sound spectrum in the course of a batch process [3] 

The significant portions of the actual sound spectrum are in a range of up to 600 Hz. Figure 9 
shows the development of this portion of the spectrum in the course of the batch process. 
According to this, a rather continuous spectrum is produced during the scrap melting phase, 
whereas a line spectrum is forming during the flat bath phase. The line spectrum shown here is 
dominated by the 100 Hz line; in addition, the 200 Hz, 300 Hz and 400 Hz lines provide 
reproducible portions. The shape of the individual lines depends to a large extent on the 
arrangement of the electric arcs in relation to the microphone as well as on the sound 
propagation path. 

Correlation studies show a clear correlation between the 200 Hz to 400 Hz lines and the slag 
reference signal. The 100 Hz line correlates, too, but the related correlation coefficient shows a 
significantly higher dispersion. The reason for this is the fact that the 100 Hz line of the 
examined furnace depends considerably on the sponge iron feeding rate. This phenomenon is 
observed independent of the slag level and certainly represents a peculiarity of the furnace 
examined [3]. 

Therefore, the signals of the 200 to 400 Hz lines can be used to describe the slag level as 
follows: 

where p is the sound pressure and /? the regression coefficient. The verification of this signal 
using follow-on batches confirms the good correlation with the slag reference signal (Figure 10). 
Thus, a reliable signal for the description of the foaming slag level in the AC electric arc furnace 
examined is obtained. 

 



 
Figure 10. Comparison of the reference signal and the signal generated from the sound 

spectrum 

The sound emission of DC electric arc furnaces is the result of the stochastic and deterministic 
(rectifier, current regulation) fluctuations of the current and the voltage. Similar to the AC electric 
arc furnace, the significant portions of the sound spectrum are found in the range of up to 
800 Hz. 

The suitability of the sound signal to describe the slag level of a DC electric arc furnace was 
demonstrated using the 100 t furnace of Boel in Hoogovens and the 140 t/110 MV shaft furnace 
of Cockerill Sabre in Marcinelle [9]. These demonstrations were based on a relevant section 
(100 to 150 Hz and 145 to 195 Hz, respectively) of the sound spectrum. 

Vibrations of the Furnace Vessel 
Finally, the vibrations of the furnace vessel to be detected by means of an acceleration pickup 
can be used as potential signals to describe the slag level. The vibrations behave quite like the 
sound, however, their dynamics seems to be lower [9, 10]. 

5. Integration into a closed-loop Control System 
The slag signal can be used for two different purposes. One of them is the power regulation of 
the furnace. It would be possible to react directly to insufficiently covered electric arcs by 
reducing arc voltage and length. Refractory wear and excessive thermal losses would thus be 
prevented. The time delays resulting from a thermally based power regulation would then be 
avoided. 

Furthermore, the slag signal can be used to regulate the feeding of fine coal aimed at forming a 
homogeneous foaming slag at minimum fine coal consumption. There are first approaches to 
achieve this aim [3, 11]; the prototype of the ISPAT Hamburger Stahlwerke is presented here as 
an example. 

First, the controllability of the foaming slag by means of fine coal has to be examined. As to be 
expected, controllability is generally possible. The foaming reaction occurs with a time delay of 
approximately 10 to 15 seconds (Figure 11). Under unfavourable boundary conditions, 
however, such as high slag temperature controllability is limited. Further, the position of the 
carbon and oxygen addition is of significant importance [12]. 



 

52 53 54 
Time since start of the batch in min 

Figure 11. Controllability of the foaming slag 

The regulation used by the IHSW is based on a PC; signal detection and processing is 
performed by means of a DSP card. The fine coal added by a carbon lance in pulses serves as 
the control variable. Approximately 11 kg of coal are fed per pulse. This quantity is adjusted by 
a metering slide at constant pulse duration. The feeding rate is a function of the pulse 
frequency. 

 
Figure 12. Block diagram of the regulated fine coal addition [3] 

The fine coal is always added in the flat bath period. For regulation purposes, this period is 
subdivided into five characteristic process sections (start of flat bath, flat bath I, sampling, flat 
bath II, heating up). The current process section is recognised automatically on the basis of the 
operating parameters. 



Based on conventional operation, the mean sound level and the mean fine coal feeding rate 
were determined for each process section. This results in the sound reference and nominal 
feeding rate values for the regulation (Figure 12). When the actual sound level deviates from 
the reference value, the nominal feeding rate is adjusted according to Figure 13. 

 
 
 
Figure 13. Adjustment of the coal feeding rate to the foaming slag level [3] 

To test the described regulator, 385 one-basket batches were operated within a period of two 
months, alternating between manual and regulated operation. According to this test, the 
advantages of the described regulation is the increase in productivity (+1.4 %) and the reduction 
of the coal requirement (-6.1 %). The specific energy requirement did not change for the 
batches examined; the increased productivity is accompanied by an increased active power. 
There certainly is some improvement potential for the regulating system presented here, for 
example with respect to the necessary manual positioning of the lances and the discontinuous 
feeding of the coal. Solutions are available for both tasks. In general, there are no obstacles to a 
high-quality regulation of the foaming slag level in DC and AC electric arc furnaces. 
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Intro 

SQL Carbon Group 
• Business Unite Carbon and Graphite, Specialties, SQL Technologies 
• Group sales 1069 M€ 
• Group EBIT 113 M€ 
• Employees 5263 @ approx. 20 plants worldwide 
• Graphite electrode sales 222000t 

Source; Annual report 2005 

Lecturer 
• Technical chemist (Universities Heidelberg & Montpellier) 
• PhD # Federal Research Center Karlsrube: Wastewater treatment, high pressure engineering 
• SGL since 11/1999 

• RiP = Knowladge management 12/2000 
■ RftD-Assistant to VP   8/2002 
• Production =. Green shop mgr  2/2004 
■ Technical Service EU/NME/Africa          6/1005 
• R&D * New Businese Development      10/2005 
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Properties of graphite electrodes Typical properties 
 

  AC  DC  

Diameter mm 
inch 

300-450 
12-18 

500-600 
20-24 

600-750 
24-30 

800 
32 

Apparent density g/cm3 1.66-1.731.66-1.73 1.66-1.73 1.69-1.75 

Porosity % 17-20 17-20 17-20 14-19 

Specific electrical resistance Qu.m 4.8-5.8 4.8-5.6 4.6-5.2 4.0-4.8 

Flexural strength N/mm2 10-16 9-14 9-12 10-14 

Thermal conductivity W/(K-m) 160-200 180-230 200-250 240-300 

Coeff. of thermal expansion 
(20-200 °C) 

uxn/(K-m) 0.4-1.0 0.4-0.9 0.3-0.8 0.3-0.6 

All values measured at room temperature 
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Properties of graphite electrodes Dimensions 
 

Diameter mm Inch Length     mm inch 

300 12 1500,1800 60,72 

350 14 1500,1800 60,72
400 16 1500,1800,2100 60, 72, 84
450 18 1500,1800,2100,2400 60, 72, 84, 96
500 20 1800,2100,2400,2700 72,84,96,110
550 22 1800,2100,2400,2700 72,84,96,110
600 24                          2100 2400, 2700 84 96 HA
650 26 2400, 2700 96,110 
700 28 2400,2700 96,110
750 30 2400, 2700 96,110
800 32 2700 110 
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Joining of graphite electrodes Recommended joining torque 
 

Diameter mm inch Torque Nm  ft lbs 

300 12 650 480 

350 14 850 630
400 16 1100 810
450 18 1500 1100 
500 20 2500 1850 
550 22 3500 2570 
600 24 4000 2940 
700 28 6000 4410
750 30 7500 5510 
800 32 9000 6640 
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R&D 

Recent papers 
• T. Seeger, T. Will, S. Baumann, K. Wimmer 

Crack growth investigation of industrial graphite 
Carbon 2006 - The International Carbon Conference, Aberdeen, UK, July 16-21, 2006, paper SA-862 

• C. Friedrich, H. Fuchs 
Auswahl des optimalen Elektrodendurchmessers fuer Drehstrorn-Elektrolichtbogenoefen stahl 
und eisen 126 (2006) 37-40 

• C. Friedrich, H. Fuchs 
Selecting the optimum electrode diameter for AC EAF's MPT 
International 5/2005 38-41 (cover story) 15th IAS Steelmaking 
Conference, Buenos Aires, Nov 8,2005 Proc. 8th EEC, 
Birmingham, UK May 10, 2005, 145-151 

• C. Friedrich 
Graphite electrodes climb the diameter ladder 
Steel Times International 29 (2005) 25 

• C. Friedrich 
Graphite electrodes for electric arc furnaces 
in: Handbook of Thermoprocessing Technologies, Eds. A. v. Starck, A. Muehlbauer, C. Kramer 
Vulkan-Verlag, Essen, 2005, ISBN 3-8027-2933-1, Part II C 5.2, 713-715 

• C. Friedrich 
Supersized electrodes in the centerpoint of meltshop productivity 
Furnaces International 2 (2004) 20 
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Your contacts @ SGL Carbon 

Technical Sales 
• Phone +49 8271 83 2139 
• Fax      +49 8271831485 
• Mail     sibylle.birkner@sglcarbon.de 

Technical Competence Center 
• Phone +49 8271 83 1259 
• Fax      +49 8271 831624 
• Mail     erika.liebsch@sglcarbon.de 

Our website •     

http://www.sglcarbon.com 

 
C. Friedrich - Graphite electrodes for EAFs - Braunschweig, 2006-10-26 

 
 

 

 


