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PREFACE
Competition in a period of rapid technological change is the subject of this
and three companion reports.i' Four relatively mature industries of considerable interest
to less developed countries were chosen to investigate whether organizational and
technological innovations are of any relevance to them. The answer is a resounding yes.
Organizational changes, automation, and use of new materials to change the production
process and to transform the product itself were found to be of tremendous importance
in each sector. These changes quite overwhelm simple differences in factor costs.
This research was financed by the World Bank's Research Committee, to
which we are all very grateful. Numerous colleagues have supported this work and we
would like specially to thank Nancy Barry, Carl Dahlman, Sandra Salmans, and Masami
Shimizu. Our greatest debt is to managers and engineers in dozens of companies in six
countries who spent their valuable time with us.
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International Competition in Printed Circuit Board Assembly.
International Competition in the Bicycle Industry.
International Competition in the Footwear Industry.
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1.1

INTRODUCTION

Backgroud

Diffusion of innovationproceeds at varying rates in differenc
countries,creating differences in the productivitywith which resources are
used, and hence affecting the competitive position of nations. At this
moment, there is a special ferment in the world of manufacturingas organizational innovations,automation, and new materials are transformingnot only
the manufacturingprocess but also, in many cases, the product itself. The
speed at which these innovations are absorbed is likely to have a significanimpact on a country's ability to compete. Developing countries face a specia'
challenge as they determine how best to keep pace with the changes.
A particularlygood example of such ferment is the steel mini-mill
industry. Spirited entrepreneurshiphas been the leitmotif of steel minim:ilis.
A progression of innovativetechnologicaland management practices has
been organized around the electric arc furnace (EAF), resulting in what is
arguably the most successfulrevitalizationof any basic industry. Mini-mills
worldwide were amongst the earliest adopters of continuous casting technology.
U.S. mini-mills are now setting the pace in introducing thin casting. U.S.
mini-mills have also, without any fanfare, introduced many Japanese-style
management practices, such as long-term employment, profit sharing and
delegation of responsibility to shop-floor workers. Having swept away
competition in simple steel products, mini-mills are poised to take on the
traditional integrated mills in increasingly sophisticated products.
The rise of the mini-mill is the single factor most likely to
affect steel's international trade picture, as well as the domestic situation
in many countries. In this study, we project the effect of innovative

manufacturingtechnologieson the long-term productivityof firms and
countries. We believe that, through such analysis, we are enriching the
debate on differences in international productivity, and suggesting new policy
directions to improve productivity in developing countries.
1.2

The Mini-Mill

The basis of the mini-mill is the electric arc furnace (EAF),
which relies mainly upon scrap and, to some extent, upon directly reduced iron
(rather than upon coal and iron ore) as feedstock. The EAF was developed
around the turn of the century, primarily for refining steel and producing
specialty (carbon and alloy) steel that required slow heating. Technological
improvementscame slowly, and it was only in the 1960s that a U.S. company
first installed an EAF to produce construction-gradesteel from scrap.
Older mini-mills had an annual capacity of 100,000 tons, compared
with the 2 million tons of the average integratedsteelmaker. Modern minimills are no longer so small; most plants being set up in developed countries
today have a capacity of over 600,000 tons, and a few can produce as much as a
million tons a year.
The first generation mini-mills tvpically had two or more small
furnaces with a processing capacity of about 40 tons each. At the efficiency

-2levels prevailing then, the annual productioncapacity of a 40-ton furnace was
about 100,000 tons. This furnace is being replaced with a larger furnace
(typically150 tons), possibly equippedwith water-cooledpanels, an ultra
high-powered (UHP) transformer,fuel supplementdevices, eccentric bottom
tapping (EBT), scrap preheating and process automation to lower energy and
material costs and enhance product quality (McManus 1988A). Continuous
casters and rolling mills are being similarly upgraded. In addition, mills
are increasing investment in direct reduction of iron to supplement their
source of feedstock (Marcus and Kirsis 1989). All these factors are increasing the minimum economic scale of production for mini-mills. In the 1990s, it
is expected that competitive mills will have an annual capacity rang!Fg from
500,000 to a million tons, with the larger mills producing 2 million tons
annually.
MJni-mills have traditionallyspecialized in a far narrower range
of products than have integratedmills, concentratingmostly on lower-value
rods and beams rather than the higher value-added flat-rolled products for the
appliance and automotive industries. They have built near their sources of
scrap and their markets, and emphasized customer service with quick changes in
productionmix and scheduling.
Mini-mills have developed a cost advantage over integratedmills
in lower-value products primarily because of their lower capital cost per ton
oi steel produced. See Appendix A. The smaller size of the mini-mill has
also afforded flexibility in introducingtechnical changes at a more rapid
rate than in integratedmills, In addition, mini-mills have had less fractious labor relations."
In recent years, U.S. mini-mills have produced aL costs that would
make them competitivewith the cheapest imports. Jeffry A. Werner of Chaparral Steel Co., a leading U.S. mini-mill, is reported to have said: "If a
Korean mill had zero wages, the mill's delivered cost in the U S. would exceed
Chaparral's. The two manhours going into Chaparral's steel would cost less
than the ocean freight from Korea" (McManus 1988B). Our cost estimates
basically confirm this assertion.
Does the relatively small scale of mini-mills make them relevant
and appropriate for low-wage countries? How are the trends in technology,
particularlythose related to the use of microelectronicsfor process control,
likely to affect their competitiveness? The answers, we shall see, are
pessimistic. The small size of the mini-mill does confer some advantages for
prospective LDC steel producers. However, the small share of wage costs in a
mini-mill and the high sensitivityof costs to the price of electricity and
scrap make it difficult for LDC mini-mills to comp( e internationally. Some
LDCs, notably Turkev, have overcome these disadvantagesthrough rapid adoption
of modern technologicalinnovation.

l/

However, the safety record of mini-mills has been less than exemplary.
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1.3

LocatiLg

of Production

Total worLd steel productionhas been virtually flat for the last
decade, leveling off between 700 willion anc 750 millionitens. Steel produced
by mini-oills kas grown slowlv but steadily. In the !ate 1980s, over 25
percent of steel was produced by mini-mills (see Table 1.1). Mini-mills have
been particularly attractive to countries that have some industrialbase but
could not afford large integrated facilities. These include many of the
smaller
European countries
and the so-called newly industrializingeconomies
(NIEs).

Table 1.1 STIEEILMINIMILL

_

1982

198t3

1984

19H5

1986

1987

19W8

1989

Note:

. _

World

U.S.

Japan

Italy

Portugal

134.7
(214)

21.0
(31.1)

26.5
(26.6)

12.6
(52.6)

142.9
(24 2)

241
(31.5)

27.6
(284)

PRODUC(TION TRENDS

}

.

0

Rq>.at|

|~~~~~~~~~~~T

| Spain

Turkey

Brazil

| Mexco

0.3
(55.9)

6.8
(51.9)

1.1
(33.8)

3.5
(26.5)

11.7
(53.5)

0.3
(47.7)

7.4
(56.9)

1.2
(32.6)

3.6
(24.9)

'

Venezuea

lad.

K

3-1
(43.5)

1
(81.3V

2.4

(21.6)

3.0
(25.2)

(36.2)

3.2
(45.7)

19
(83.1)

2.2
(21.7)

3.5
(29.1)

1.6
(32.0)

_e (ROC)

1.1

155.8

28.5

29.2

1217

0.4

8.1

1.5

4.8

3.2

2.2

2.3

32

17.

(24 6)

(33.9)

(27.7)

(52.8)

(55.7)

(60.1)

(34.5)

(25 9)

(42.2)

(80.1)

(21.4)

(295,

(33.3)

1599
(25.1)

27.2

30.5

12.5

0.2

8.7

1.7

510

3.2

2.6

3.0

4.2

1.7

(339)

(29.0)

(52.4)

(33 7)

(61.5)

(35.5)

(24.t)

(43.9)

(84.5)

(25.5)

(31.4)

(34.2)

161.6

276

29.2

11.9

0.3

7.1

2.4

5.3

28

2.8

3.2

(2.59)

(37.2)

(29.7)

(51.9)

(3e 1)

(593)

(40.3)

(24,9)

(19 8)

(82.2)

(26.2)

5.0
(34.5)

(34.3)

169.6
(26.4)

30.9
(38,1)

29.4
(29.8)

12.3
(53.7)

03
(38 1)

68
(57.8)

3.2
(44.9)

5.2
(23.4)

3.
(43.5)

3.2
(84.9)

3.6
(27.7)

5.4
(32.4)

2.1
(34.9)

1.9

1814

33.4

314

133

03

7.1

3.8

5.9

3.6

31

3.8

6.1

2.7

(26.7)

(36.9)

(29.7)

(56.2)

(41.3)

(60.0)

(47.3)

(23.9)

(45.9)

(84.4)

(26.!)

(31 6)

(32.3)

184A0
(26.4)

31.4
(35 S)

33.0
(30.6)

14.0

03
(47.3)

7.2

4.7

(56 1)

(59.0)

5.7
(22.7)

4.0
(519)

2.9
(85.5)

3.8
(26.5)

6.5
(295)

2.6
(305)

(55.6)

Figuresin parentheserepresnt mini-mill productionas a percentage
of total crude steelproduction.

Source: Intenational iron andSteelInstilute. SteelStatisticalYearbook Variou yearn. H ruasel
Committeeon Statistics.
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Despite the4r suitability for smaller economies, the world's most
dynamic mini-mills have emerged in the United States. These firms have been
pioneers in introducingnew technologiesand are setting the pace for the
production of an increasingrange of steel products. Inexoranly,production
is shifting to the mini-mills. Donald F. Barnett, a steel expert who was
formerly chief economist of the American Iron and Steel Institute, estimates
that US mini-mills, now producing about a quarter of steel in the United
Statet,
,ill account for 40 percent of all U.S. steel production by the year
2000. (Barnett and Crandall, 1986, pp.98-100)
Of the approximately50 mini-mill companies in the United States,
two-thirdsstill produce fewer than 60,000 tons per year. But analysis
predict thiat,by the mid-1990s, as many as five North American mini-millswill
have up to 6 million tons of raw steelmaking capacity and annLualsales of $1
billion to $2 billion apiece--thussurpassingall but four of Big Steel's
onetime behemoths (BusinessWeek, June 13, 1988, pp. 100, 102).
There has also been a wave of joint ventures between U.S. minimills and foreign steelmakers. Birmingham Steel Corp. owns 50 percent of a
new flat rolled steel plant in Houston; the remaining equity is owned by
Proler International, a Houston recycler, and Daniell & C. Officine Mecchaniche S.P.A.. and Iralian engineering firm. Nucor's new plant in
Blytheville, Ark., is a joint venture with Yamato Kogyo Co., which has
provided its casting technology. However, the trend is not confined to the
mini-mills; Big Steel also has such joint ventures.
Turkey has also had a vibrant mini-mill sector. About 15 private
mini-mills produce more than half of Turkey's steel, and their share has been
growing despite the rapid growth of the integrated sector, Turkey's oldest
mini-mill, Metas, is a technology pioneer. It was amongst the first in the
world to introduce continuous casting and has since maintained a strong
tradition of improving production technology and operating practices (Steel
Times, July 1988, pp. 346-356). See Appendix B on Turkey. Unlike the United
States, Turkey imports a substantial amount of scrap for uEe in the electric
furnaces. About half the steel produced is exported.
Drazil, Korea, Taiwan, Mexico and Venezuela are some of the other
countries where mini-mills have thrived. In Taiwan, the proportion of steel
produced by mini-mills has fallen over the years as major investments have
been made in integrated public sector firms. In Brazil and Korea, mini-mills

have held their own despite the dynamism of the integratedsector. In Mexico
and, more so, in Venezuela, direct reduction of iron is being used to feed the
electric arc furnace in a major way. A Mexican firm, HyLSA, has developed a
highly innovative direct reduction process.
Smaller European countries 'such as Sweden, Italy and Spain) have
long relied on mini-mills. However, in the past several years these mills
have stagnated. Ironically, the European Community's steel cartel, by
protecting the integrated steelmakers there, has had the effect of slowing the
development of mini-mills (Barnett and Crandall 1986). Growth has also been
limited by controls over movement of raw materials and energy. However, both
the system of protecting integrated steel mills and the irrationality of

-6transportaticncosts are bein; phased out. It Is believed therefore, that the
Europeat.mini-mill seccor is poised for growth. Northern European firms are
beginning to direct attention to high value-added products, requiring
downstream integrationinto specialized fabric.tionand distribucion;Spanish
and Portuguese firms are, ilk.Turkey's, going t,ofocus on 'commodity'
products. (Collier,Iron Are, January 1990, 43-44)
1.4

Trade

For such a bulky product, steel crosses national borders in
surprisingvolume. At least a quarter of the steel produced is traded
internationally,and one estimate suggests that the proportion traded has
grown in recent years to 30 percent (Marcus and Kirsis 1989).
Mini-mills have traditionallynot transported their products over
large distances. "Neighborhood"mills have produced a variety of products for
their .mmediate geographicalvicinity. Over the last decade, "market' mills
have specializ d in a few products for neighborhoodand distant markets.
No comprehensivedata is available on worldwide exports by minimills and only indirect inferencescan be drawn. Products which mini-mills
produce competitively (semifinishedsteel, bars, rods and light sections) and
their internationallytraded volumes are presented in Table 1.2. Since no
division between mini-mill and 4.ntegrated
steel mill exports in these categories is available, the only statement that can be made is that mini-mills
have between 15 and 20 percent of world trade as their immediate target.
A trend of some importance to mini-mills is the long-term increase
in trade of semifinishedproducts (ingtts,blooms and slabs). The share of
semifinishedproducts traded has gone up steadily since the i960s and is
projected to increase further (Marcus and Kirsis 1989). Table 1.2 shows that,
in the second half of the 1980s, the share of semifinishedsteel in total
steel trade tended to stabilize at 5 percent. Marcus and Kirsis anticipate a
sharp increase to 8 percent in the next five years.

.7
Tab

World
flhil

KOMa
Tur1
meowic

1.2: SEMI-FINISHED STEEL ECPORTS L/ AS A PERCENTAGE OF TOTAL STEEL EXPOkTS (%) g/

1960

1981

1962

1963

1964

1985

1966

1967

1968

1969

3.9
IV.9
1135
2.6
0.9

3.2
3.9
4.4
0.4
0.8

3.0
4,4
4.1
0.1
13.3

3.3
5.4
6.9
3.4
3.2

4.0
14.5
4.5
7.2
1.

5.3
24.9
3.9
15.6
4.4

5.0
25.7
1.7
21.3
11.2

5.4
38.4
2.1
15.7
6.0

5.1
NA
NA
2Z4
NA

5.1
N.A
5.9
25.6
9.8

LOW-END STEELPRODUCT EXPORTS k/ AS A PERCENTAGE OF TOTAL STEEL EXPORTs (%) c/

World
Brazil
Korm
Turkey

Mesico

1960

1981

1962

1983

1964

1965

1966

1987

1988

1989

15.6
17 3
18.5
45.5
6.0

12.9
27.4
13.1
41.2
1.1

13.1
22.9
13.0
o3.1
34.0

14.4
25.1
16.3
63.5
25.6

15.0
27.0
18.5
55.3
23.0

16.4
28.4
20.0
40.5
13.1

14.6
20.4
12.8
38.4
26.2

13.2
17.5
NA
41.1
1&.7

12.4
NA
8.7
37.8

12.6
NA
45.5
36.3
9.7

NSA

Source: Comtrade Database, International Computing Centcr, Geneva.
a/ Ingots, blocks, blooms and slabs: SrTC codes 6720, 6721, 6723, 6725.
b/ Wires, bar%and small sections: SITC codes 6730, 6731, 6732. 6735.
c/ Estimates of shares are based on value of aports and not on quantity,
Total Steel esporu - SITC 67 - SITC 671.

The trend towards greater trade in semifinishedsteel partly
reflects the advances in rolling and finishing technology. Rolling for highquality products, in particular, has become highly capital intensive,much
more so than the production of steel in mini-mills. Given declining freight
costs, it makes sense to split production across internationalsites to take
advantage of relative factor proportions. Another trend favoring this
development is the rationalizationof steel production in western countries.
Firms are specializingin specific operations. Often such rationalizationis
a result of merger activity. After merging, the constituent units focus on
fewer operations, requiring the movement of semifinishedproduct from one unit
to another. Particularly in Europe, this has resulted in increased trade in
semifinishedsteel.
Brazil, South Korea, Turkey and, increasingly,Mexico among the
developing and newly industrializingeconomies are suppliers of semifinished
steel. Except for Korea, the share of semifinishedsteel in their exports has
expanded steadily (Table 1.2). Brazil has been the largest exporter, and also
the most geographicallydiversified. Japan and the United States have been
large buyers of semifinishedsteel from all these countries, Japanese imports
from Korea being particularly large. Turkey has had large markets in the
Middle East, but is rapidly diversifying. Though these countries are growing

suppliers, they are also large importersof semifinishedsteel. This is not
Surprising,given the large variety of end uses and hen'-etypes of steel
traded.
Bars, rods and light sections are the other major export opportunity for mini-mills. These products are also exported in large amounts by
the four countries just discussed. Unlike semifinishedproducts, bars, rods
and light sections are imported to a much smaller extent by these countries,
suggesting that they have a strong comparative advantage in such low-quality
products.
It should be reemphasizedthat the numbers on semifinishedsteel
and bars, rods and light sections refer to exports by all steel mills, not
just mini-mills. Particularly in Brazil and Korea, integrated steel producers
also are substantial exporters of these prdo _;s. However, these are clearly
products that mini-mills can export, as is demonstratedby the strong export
performance of Turkish mini-mills. As mini-mills move into new product areas,
their range of exports should grow.
1.5

Scooe of the Study

The scope of the study .s described in Figure 1.1. We consider
the manufacturingprocess for producing liquid steel. Once liquid steel has
been produced, it is cast, rolled and shaped into specific products. Detailed
cost models are developed that allow us to account for production cost
differences across countries and firms within a country. The models allow an
analysis of changes in total costs and cost structure when a new technology is
introduced. Though our cost analysis stops at the point liquid b.eel production is complete, we include a qualitative discussion of cotntinuouscasting
technology.

FIGURE 1.1: SCOPE OF THE STUDY
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1.6

CountrX Stvlizations

We study the competitiveposition of three stylized groups of
countries. The newly-industrializing
economies (NIEs) are represented by
South Korea and Singapore. Although our interviewsin Japan provided us with
substantial informationon the frontiers of production technology, the
benchmark cost estimates for developed countries (DCs) are basei on conditions
in the United States. Less-developedcountries (LDCs) are represented by
Mexico and Indonesia.
1.7

The Plan of the Study

Product and manufacturingstrategies of a sampling of firms
visited for this project are described in the next chapter. On the basis of
these visits, the manufacturing literature, and our engineering knowledge and
experience, we created benchmark factory cost models defined at a fine level
of specification (Chapter 3). These benchmark models are intended to
replicate production costs of "representative" factories in the countries
visited. A series of cost scenarios based on the adoption of modern
management practices and new hardware technologies are examined in Chapters 4
through 6. Throughout, the lessons from our cost models are illustrated with
concrete case studies based on our field visits and the industry literature.
The concluding chapter comments on the shifts occurring in the competitive
abilities of different country types.

-
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2. THREE MANUFACTURERS: A STUDY IN CONTRASTS

2.1

Obiectives

In the following chapters, we will simulate changes in unit costs
when alternative techniquesare adopted by stylized, country-specificbenchmark factories. The discussion here provides some of the basis for stylizations discussed later in the report. We summarize first the basic pattern of
technologyadoption by companies visited for this project and then discuss in
some detail three companies representingthe three country types. The
objective is to relate the choice of production technique to the company's
economic environment,product strategy, and human resource strategy.
Nine steel mills in five countries were studied in considerable
depth, usually over a day with some follow-up questions and visits. In
addition, similar interviews were conducted with 32 other firms (in the
electronics assembly, bicycle, and steel industries), and the stylizations
that emerge for steel production conform to the overall project results.
The manufacturers we visited were chosen for their representativeness of one of the three countr'-types. Extensive consultation with
industry and country experts, review of the industrv literature, and our
industrial consulting experience were the basis for choosing particular firms.
The visits were not intended to generate primarv data on the basic manufacturing process; that was drawn from our experience and expertise. The visits
were intended, instead, to enhance our grasp of the range of manufacturing
competence. Thus, the relatively modest number of visits to manufacturers in
each sector was effectively amplified by visits to manufacturers in other
sectors.
2.1

Technologv

Usage Swummary

Before examining three mini-mills in the three country types, let
us consider first the summary of technologies in use at the mini-mills we
visited (Table 2,1). Oxygen lancing (adding oxygen along with the scrap
charge to decarburise the steel) was adopted by all mills. At the other
extreme, the heavy investment requirement for scrap preheating, which increases the melting rate and decreases energy consumption, had limited its
adoption to two mills, one in a DC and the other in an NIE. Adoption of other
technologies was generally high, except in LDCs.
The NIE mill had adopted all the practices discussed in this
report. This is not surprising. Given their scrap and energy cost disadvantage vis-a-vis developed country firms, NIE firms can compete only by
adopting material and energy saving technologies.
However, to focus on the state-of-the-art condition of the NIE
mini-mill in our study would be to devalue the extent to which the DC mills
have adopted technologies and practices critical to productivity. All of the
DC mills had installed ladle furnaces, which improve the quality of steel
produced, give the mill more flexibility in meeting customers' needs and

12 improve the officienc of downstream activities. Three of the four DC a
visited had adopted foamy slag practice (the controlleduniting of carbo
Both techno
oxygen during steelmaking),and half used oxy-fuelburners,
the scrap
melting
by
reduce electricityinput and raise EAF productivity
time
tap-tc-tap
reduces
This
and
uniformly.
efficiently,
more quickly,
increasesannual capacity for liquid steel.
Three of four DC mills also had some form of materials managen
although certain industrycharacteristicsmake it difficult for the mills
adopt just-in-time(JIT), an inventoryreduction practice that relies on
rationalizationand streamliningof internalprocedures,and on stable dem
2.2 Develoged CountrX Firm: Comwan_ A
Company A is a market mill with annual capacity over one millior
tons of finished carbon steel: special bar quality steel, flats, round bars
channels, angles, and reinforcingbars for use in diverse industries. Approximately75 percent of sales are throughwarehouse and distribution
centers.
Table 2.1.

TECHNOLOGY
USAGESMAPRY

HIEs

ocs

C4

LDCa

ANY /I

_.-

TECHNOLOGY
Buners

Oxygen-fuel

Oxygen Lancing

A

C

E
E

5

*

*

*

*

*5

*

*
*

Fomy Slag Practice
Scrap

B

Preheating

Ladle Funece
Material#

G

*E

^

V
S

C
5

Managemnt

Eighly Autoated
Computer Controlled
Monitored Proc*sses

F

-.....

*

*

0

a
*

*

Technology in place
Technology being considered
Implewnting technology
Integrated
stoel coinpany

Each year, 15 percent of gross profit is invested in new equipment
sr upgrading existing equipment. The objective is to be the lowest-priced
teel producer, while maintainingquality and customer service. Company A
:liesheavily on its research and developmentdepartment. A company spokes-n stated, "A company must continuouslybe involvedwith research and
-velopmentin order to know w.hatis the latest in technology." He added that
lls that rely heavily on consultingfirms are not using the latest technol-

-

13 -

ogy, since consulting firms typically sell informationbased on past experience.

Company A incorporatestechniquesfrom high technologysources for
its meltshop, continuouscasting and rolling mill operations. Technological
improvementshave helped increase production, improve quality and save labor
and energy. Each EAF is equipped with eccentric bottom tapping (EBT), which
increases the quality of the steel produced by affording greater control of
the slag. By tapping from the furnace to a ladle furnace or a continuous
caster (CC), a mill transfers fewer impuritieswith the molten steel, as the
slag forms on the top. Bottom tapping is also quicker than top pouring of a
furnace,which was common practice in the past.
The company capitalizeson benefits from oxygen-fuel burners,
oxygen lancing, and foamy slag practice to increase melting rates in EAF
steelmaking and lower costs on a per ton basis. There is no plan to use scrap
preheating, due to the capital investment,limited floor space, and control of
EAF dust.
Company A uses a highly -utomated, computer controlled/monitored
process to lower processing times, material costs and energy consumption,
while producing a consistent, high-quality product. The computer control
system continually assists R&D by supplying data generated from input and
actual processing conditions while providing guidance in obtaining the most
economical and efficient EAF operation. The control system also helps use
scrap charging and alloying effectively, ensuring that the quality of the
final product meets customer requirements while providing a means for continuous improvements to the steelmaking process.
The company expects mini-mills will continue to reduce workforce
to raise their tonnage per worker ratio. Personnel policies such as continuous training and production incentives, which create motivated, skilled
workers, will be central to the process. Company A trains operators to
maintain their own equipment in their work area and encourages them to solve
problems on their cwn. The operators use their hands-on experience to help

engineers in R&D improve process flow and cut operating costs.
The company wants to move away from a highly centralizedmanagement structure to one delegatingmore responsibilityto employees. To promote
this change, it offers wage incentivesto employees who attend training
courses in different areas of steelmaking. The company also offers profit
sharing to all employees and feels this has helped the work force unite behind
common goals.
Company A uses careful market studies to determine the products
that will sell and allow it at the same time to achieve high productivity.
Such decisions must be made carefully,because the producer gets locked into
those products for extended periods. Company A maintains that customers are
seeking a long-term commitment from steel suppliers. Continuity and good
working relationships, in addition to providing competitively priced products

of ctinsistent
quality are, therefore,critical in the steel industry.
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The company typically schedules a production plan for made-to(MTS)
products. These long production runs put the continuous casting
stock
equipment to high use, while requiring fewer changes on the mill's rollers. A
product is repeated as often as every six weeks, though a 12- to 16-week
rotation is more typical. This type of p-oduction scheduling creates a larger
inventory of finished products and favors sales to warehouse and distribution
centers which can buy large volumes. The company expects the just-in-time
concept can be achieved mainly in the flat-rolledmarket, where the buyer is
an automotivemanufactureralready attuned to JIT.
Another area to which computers may be applied is electronic data
interchange (EDI), a standard for the automated exchange of business documents. EDI provides a valuable link between purchasers and suppliers so they
can exchange purchase orders, invoices, price lists, bills of lading, and
other business documents, in addition to performing electronic funds transfers. Such capability is believed to give users an edge over competitors who
lack the technology.
Company A is profitable because of its management style, highlyskilled labor force, and continuous use of technology to improve the steelmak-

ing process.
2.3 Newly IndustrializingEconomy Firm: Company E
Company E is a market mill with annual capacity exceeding 750,000
tons of finished product. Its product line consists of carbon steel reinforcing bars and rods for the local construction industry and some exporting.
Company E sells to seven distribution centers locally, while also selling
directly to end users. Management views the export market as highly risky due
to fluctuaticns in shipping costs, trade regulations, and exchange rates. The
primary goal is to meet domestic demand.
The comupanyemphasizes customer service. For example, customers
can order special sizes and lengths of reinforcing bars, and receive on-time
deliveries consistently, regardless of order size. Company E typically
schedules a production plan for made-to-stock items. It carries large
inventory levels in all diameter sizes to offer customers shorte. lead times
in these products.
Management believes that it must continue using the newest, most

efficient equipment available, to be cost-effectiveand competitive on
quality, deliverability,and flexibility. A company spokesman stated, "Top
management recognizes that being on top of new technology development is a
competitive advantage and realizes that there are risks associated with
capital ventures utilizing new equipment." The company exercises rigorous
quality control at all stages of the steelmakingprocess. It uses all the
technologiesdiscussed in this report and others. Continuous improvementsin
manufacturing have given it a reputation as a reliable producer and supplier
of high-quality steel.
A company spokesman said, 'The steel industry is such a dynamic
environment, human interface will always be required." Recognizing this,
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Company E continuouslytrains employees in all areas of steelmaking. Quality
control circles meet regularly to ensure that a safe working environment is
maintained, while sharing recommendationsfor improved,more efficient
manufacturing.
Company E has installed an on-line, real-time computer-controlled
monitoring system. Through experience, the company has found it more costeffective to supply electricity to only two of the three EAFs at one time when
all three furnaces are on-line together. Oxygen-fuel burners assist in the
melting of scrap, further saving on electricity. A computerizedprocess
control system for the input and duration of power also helps boost productivity.
The company has also installed a computer-controlledspectrometric
analyzer, equipped to analyze up to 40 elements. It can analyze a sample of
molten steel in one to two minutes. Four samples per heat cycle are taken:
one during the meltdown stage, to confirm that the input data on the grade of
scrap steel used is correct, compared to the actual sample: a second during
the refining stage, to ensure that the carbon composition is correct; and a
third sample prior to tapping, to ensure that the metallurgy meets the
customer's specification. During the pouring into the continuous caster, a
final sample is taken to ensure uniformity of the melt.
The results of each reading may be disseminatedto all processing
equipment, for updating. For example, a sample taken during the meltdown
stage might reveal that a longer tap-to-tap time is required then originally
anticipated, since a larger percentage of impuritieswere found in the scrap
charge. The control system would automaticallysend a signal to the continuous caster (CC) to slow down casting speed, as pouring into the CC would
be delayed. This type of integrationhelps save processing costs associeted
with schedule delays, since continuous operationsare the most cost effective.
At any stage of the process, an operator can obtain a display of
current operating conditions on a PC. Company E's control system is not an
artificial intelligencesystem, since it still requires people to make
decisions based on informationprovided by the system, as well as inputting
data and using output data for statistical purpose. A spokesman said, "Scrap
grades are inconsistentfrom one source to anotI>r,while the quality of scrap
seems to be continuouslydecreasing. Because of this, an EAF producer will
never be able to obtain a cookbook recipe for real-time steel processing. To
fuither complicate the matter, the delay and accuracy of sensors and measuring
equipment prohibit real-time,artificial intelligencesystems. For these
reasons, operators will always be required during the steelmaking process."
Company E continues to increase capacity and profits in a dynamic
and highly competitive environment. A spokesman stated, "The key to success
is through technology,which will allow steel to be produced more efficiently
and consistently. Controls for process planning and production planning will
be key issues in the future."
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Less Develo2ed Country Firm: ComDanXvG

Company G is a market mill with annual capacity of approximately
45,000 tons of finished product: plain and deformed reinforcing bar, supplied
mainly to the domestic construction industry. The company competes against
two other local rebar producers. Company G uses customer service as a
competitive advantage. It offers rebar in standard 12-meter lengths, with
longer lengths available by one-meter increments. It will separate its
delivery of orders, shipping to different location. There is virtually no
competition from imported steel, because of high import taxes. The exception
is specialty steel imports, since little specialty steel is produced in this
country.
Company G schedules production runs for made-to-orderand made-tostock items, with the typical run consisting of made-to-stock. The setup time
to change from plain rebar to deformed rebar is typically 8 hours. Production
runs are usually scheduled for 8 to 10 days before switching product type.
The furnace is equipped with eccentric bottom tapping. The
company is considering a new EAi',which would increase capacity. The company
could also consider adding oxygen-fuelburners and slag foaming.
The tap-to-tap time for Company G is twice as long as that for
more efficient furnaces in developed countries. Besides using oxygen-fuel
burners and a foamy slag practice, Company G could consider using a higher
rated transformer,allowing for a higher input energy to capitalize on the
EAF's ability to melt scrap steel efficiently and effectively.
Like other manufacturersin LDCs, Company G has a problem with a
reliable electricity source. Typically once or twice per month, the electricity will stop. Power delays lead to higher production costs.
The company has no computerizedprocess planniig or control. It
gathers informationon an isolatedbasis during the steelmaking process, with
no communication link to other areas in a real-time, informationnetwork. The
control system can monitor and display only a limited number of control
variables (temperature,pressure, carbon content, etc.) and relies heavily on
the operator's experience to make rapid decisions. Because the process is so
dynamic, accurate information is often lost. A computerizedprocess control
system could improve quality, increasepredictability,and lower liquid steel
cost per ton.
Compared to efficient mills in more developed countries, Company G
employs a very large workforce. Since labor is cheap, the total labor cost
per ton is easily absorbed in the overall cost, allowing the company to be
competitive on price locally. However, excess use of labor reflects not
merely the substitution of labor for capital, but inefficientuse of resources. If the firm is exposed to greater competition, survival may not be easy.
Adoption of new steelmaking practices may become inevitable. Company C also
needs to develop a skilled workforce that is flexible and trained in several
areas of steelmaking. This can help reduce the labor content and, through
employee awareness, raise quality.
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3.1

STEELMAKING:

-

THE BENCHMARK FURNACE

Mini-Kill Process Floy

In the mini-millsvisited, the process flow of steelmakingwas
straightforwardand fundamentallythe same. Figure 3.1 shows a typical flow
of materials. The distinguishingfeature of the mini-mill process is melting
of scrap in the electric arc furnace (EAF).
To aid internationalcost comparisons,we assume the existence of
a benchmark mini-mill. The output of this mill is carbon steel, chosen
because it was produced by mini-mills in all five countries visited. Costs of
production are determined at the point where liquid steel is produced, i.e.,
either after the material has been melted in the EAF, or when the optional
ladle furnace has been used to further refine the melted scrap. In other
words, we do not model the costs of casting, although the process is shown in
Figure 3.1. However, in Chapter 6 we discuss qualitativelythe trends in
casting technologyand their implications.

FIGURE 3.1:
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We have developed a process model of steel production in minimills. This model may be thought of as a simulated factory. Each phase of
the process is summarized in terms of number of machines, number of workers,
and the operational efficiency of the machines and workers in that phase.
Equations linking the performance of different phases complete the model. A
detailed descript'on of the equations underlying the benchmark model is
provided in Appendix C. The model has been implementedon a computer spreadsheet, making sensititivitytests and analysis of technical change quick and
easy.
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As noted in the previous chapter, through reference to the
relevant industry literatureand our engineering experience, we had developed
a basic process model even before the field visits. The intensive field
visits provided a richer understandingof the process and also some estimates
of the range of process performance indicators. The model thus developed was
used to replicate the output and cost performance of the firms interviewed.
3.2

The Bengl=rk Mill

Some of the key features of the benchmark process should first be
noted. We assume the benchmark furnace to have a size of 150 tons which,
working at full capacity, yields about 600,000 tons of steel a year. Although
smaller furnaces are used, 150-ton furnaces are increasinglythe international
benchmark and even 350-ton and 400-ton furnaces are in use. Developing
country firms are not obliged to set up such large furnaces and may in any
case be unable to do so, given the $100 million price tag. A smaller furnace
eases entry, but raises unit costs of production since economies of scale
exist. The key disadvantageof smaller furnaces is their much higher energy
loss, which raises sharply their energy use for a ton of steel produced. As
we show below, using a smaller furnace would only worsen a developing
country's position vis-a-vis developed countries.
Even in the past, small EAFs were efficient only in a narrow
sense. The chemistry of operationswithin an EAF was largely unknown and
hence the output was very unpredictable. Minor changes in scrap composition
and/or operating parameters of tnieEAF could result in large amounts of
unusable output (Hess, Iron Age, October 1989). Prudence dictated the use of
small furnaces in which losses were limited, and capacity was expanded by
adding another small furnace. Over the past decade, careful experimentation
has greatly expanded knowledge about how an EAF works and can be controlled,
and operators are more confident of running scrap through larger EAFs.
A central parameter that dominates all influences on the cost of
steelmaking is the "tap-to-tap"time (Table 3.1) or the time taken by the EAF
to process the scrap. It is so-called because it represents the period
between successive tappings of batches of steel. During this time, the
furnace is charged, the scrap melted and refined, and the molten steel tapped.
Much ingenuity has been devoted to reducing melting and refining times.
It helps the perspective to note that much technical progress is
embodied in what we describe as a "benchmark"furnace. In the early 1980s,
tap-to-tap times of three hours or more were not uncommon, although Japanese
mini-mills had already lowered processing times to two hours (Hess, p. 22).
Our benchmark furnace has a tap-to-taptime of just under two hours (113
minutes). The changes described in the next chapter have occurred in the last
five or six years and have made it possible to lower tap-to-tap times to about
80 minutes or less.
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minuteminutes
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minutes
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Metals Production

150
150
90
2
500
10
25
10
s8
113

1987.

Fixed costs can be broken into three sources: interest, depreciation and maintenance expenditures. The base assumptions regarding these three
sources of expenditure are given in Table 3.2. We have assumed that depreciation rates do not differ across countries but interest rates do. A depreciation rate of 10 percent reflects our judgment that, irrespective of their
location, firms will have to make new investments continuously to remain
competitive. In practice, of course, new investments will get lumped and
hence the assumed smoothness of the depreciation schedule is artificial.

I

Interest rate
Depreciation rate
M4aintenance rate*

*

e5 3.2

SOURCES OF FIXFD COSTS
(percent)

DC

NIE

LDC

8
10
A

10
10
4

12
10
4

Maintenance expenditure per SlO0 of

capital squipent.

It is not easy to pin down the interest rate being paid by a firm,
and it is even more complicated to account for various tax measures that
influtnce the effective interest being paid by the firm. For that reason, we
have done a number of sensitivity tests around the base rates assumed. These
are reported later in the chapter.
Table 3.3 presents the variable input coefficients and the prices
of these variable inputs. The noteworthy features of this table are as
follows. We have assumed that the cost of scrap is lower in a developed
country than in either an NIE or an LDC. This is based on our field interviews and reflects the higher levels of industrialization in developed
countries, which gives them an advantage in scrap availability and price.
Turkey, the one less industrialized country that has made a major effort to
develop mini-mills, relies heavily on imported scrap.
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VAIABLE

Input per ton
of liquid
carbon steel

Input

1.03
0.03
10.00
4.00
1.00

Scrap (tons)
Flux (ton)
Alloy (pound)
Rhfractory & pansl (3/ton)
Others
WS/ton)

500.00
7.50
0.32

Electricity (kWh)
Electrodoe
(pounds)
Lance oxygen
(mcf)
Labor

3,3

0.64

(manhours)

INPUTS

Price of

input (USS)

DC

NIE

LDC

90.00
55.00
0.30
1.00
1.00

115.00
55.00
0.30
1.00
1.00

115.00
55.00
0.30
1.00
1.00

0.035
1.25
3.00
21.00

0.050
1.25
3.00

0.080
1.25
3.00

5.00

3.00

The cost of electricity is another important variable across
country types, with the lowest costs, on average, prevailing in developed
countries and the highest in LDCs. Costs of steel production are extremely
sensitive to electricity costs, as shown below.
In LDCs' favor, on the other hand, are the lower labor costs. The
question is: Are lower wages sufficient to make LDCs competitive in producing
steel via mini-mills? In view of our discussion in Chapter 1, where we ncted
the small share of labor in total costs, it is not surprising that low wages
have a very limited effect.
The benchmark estimates of costs of steel production in the three
prototype countries are given in Table 3.4. Developed countries are most
competitive and the two major sources of that are quite clear: scrap and
electricity costs.

Table

3.4:

COST OF PRODUCING LIQUID STEEL IN A
"BENCHMARX FURNACI
(USS per ton of lieuid steel)

Newly
Less developed

industrializing

Developed

countries

econonies

countries

Intereat
D*precistiun

128.10
40.96
9.38
1.92
6.44
19.34
16.11

128.10
25.96
9.38
3.20
6.44
16.11
16.11

102.35
18.46
9.38
13.44
6.44
13.09
16.11

Total

222.24

205.29

179.06

Material
Electricity
Eloctrode
Labor
Maintenance

Sourcc

Appendix

C.

-

3.3

21 -

SensitivitX to Interest and ElectriciytRates

Estimates presented in Table 3.4 replicate the ordering of costs
that we observed. However, the cost disadvantageof LDC plants can be greater
than suggested. LDC plants are smailer and, given the (limited) scale
economies,have higher costs on that account. Three other factors that we
explore here are variations in interestcosts, electricity rates and production efficiency.
Table 3.5 is a matrix for electricitycosts and interest rate
variations for an LDC. Two clear conclusionsemerge from this table.
Interest rate changes have a limited impact on production costs. A five
percentage point increase (from 10 to 15 percent) raises costs by only $8 per
ton. However, costs are very sensitive to changes in electricity rates. An
increase in rates from 8 cents/kWh to 14 cents/kWh increase costs by $30 per
ton. Since the 14 cents/kWh rate is common in many LDCs, higher production
costs will also be seen to prevail.

Table 3.5:

SENSITIVITY

OF COSTS TO ELECTRICITY ANT INTEREST RATES

Interest Rate (X

Electricity
Cost (US cents/kWh)

3.5
5.0
6.5
8.0
9.5
11.0
12.5
14.0

10

11

12

13

14

15

196.51
204.01
211.51
219.01
226.51
234.01
241.51
249.01

198.13
205.63
213.13
220.63
226.13
235.63
243.15
250.63

199.74
207.24
214.74
222.24
229.74
237.24
244.74
252.24

201.35
208.85
216.35
223.85
231.35
238.85
246.35
253.85

202.96
210.46
217.96
225.85
232.96
240.46
247.96
255.46

204.57
212.07
219.57
227.07
234.57
242.07
249.57
257.07

(USS/ton

3 .4

of

Iiquid

steel)

Ef ficilency

Finally, we have assumed that the process is operated in an
efficient manner. However, many sources of inefficiencycan creep in. Among
the most important is lack of scrap monitoring. In a scrap monitoring
program, scrap is sampled, tested and segregatedaccording to size and purity.
Residuals in the scrap reduce the ability to control the furnace and lead to
longer processing times and higher production costs. Impurities also greatly
influence the quality of steel produced. Similarly,blending the scrap with
alloying agents and fluxes, and monitoring energy and electrode consumption
have direct effects on costs and also indirecteffects through their impact on
furnace panels and refractories.
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These inefficienciesresult in increasinginput requirementsabove
the levels presented in Tables 3.2 and 3.3. It is common to equate process
efficiencywith labor productivity. However, that is a very narrow definition
of efficiency. Labor use ha, fallen to levels such that even a doubling of
that level increasesproductioncosts by only $2 or $3 per ton.
Efficiency in the wider sense of scrap, energy and furnace
managementhas no simple measure. It is, however, commonlybelieved in the
industry that lack of efficientmanagement of these inputs can increasecosts
by 5 to 7 percent, or between $10 and $15 per ton.
There are probablymany causes for such system-wide inefficiency.
Poor quality labor is a major contributoryfactor. Producers tended to agree
that a motivated, skilled and experiencedwork force can play a crucial role
in cutting costs. These featuresof the workforce are becoming increasingly
importantas the more advanced technologies(describedin the following
chapters) requiring a workforce that has multiple skills and flexibilityfor
many assignments. Most mini-mill operators in DCs ensure good worker relations through profit-sharing,frequenttraining courses, the opportunity for
involvementin process decisions,and promotion programs. A good example of
an integratedworker developmentstrategy is discussed in Box .,.1.
U.S. mini-millsalso have flat hierarchies. Among the many
identifyingsymbols of the industry is the tiny rented office that serves as
the headquarters*f Nucor Steel, housing a staff of 20 people in a company
with 5,600 employees. Nucor uses a pay system based primarily on incentive
bonuses. The principle of delegationof authorityhas been promoted over the
last twenty years, well before it became fashionable. The combinationof
worker incentivesand delegationof authorityhas been a major factor in
Nucor's ability to absorb new technologiesrapidly. However, critics also
note that the extreme pressures this creates has led to a less than exemplary
safety record (FinancialTimes, May 29, 1991, p. 12).
Besides their own high quality productionand engineering staff,
developed country mini-millsalso draw upon specializedinput providers often
located in close geographicalproximity. A significantshare of engineering
work is farmed out to engineeringfirms. Firms also rely on suppliers of
capital equipment for technical input and implementationservice. These
clusters of engineeringservices from consultingfirms and suppliers are
critical in supportingefficient operation.
A further interestingfeature of the steel mini-mill industry in
the U.S. is the phenomenon of informalknow-how trading between mini-mill
operators. Through plant tours, industry associationlinks, and even specific
consultancy services, engineersprovide informationon the production process
to their counterpartsin competing firms (von Hippel 1988). The know-how
trading, though informal, is done on a crude reciprocalbasis (through
"harndshakes"
rather than through contracts). Similar close links between
mini-mill steel producers (and between producers and their supplier) are found
in Turkey (see Appendix B).
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BOX3.1: LABOR PAPTICIPATIONIN TEXAS
Profit-sharingand participativemanagementare integral to the
personnel philosophyof Chaparral Steel, a mini-mill operation owned by
Texas Industriesthat is the tenth largest steel producer in the United
States. In Midlothian, TX, Chaparral is a market mill with an annual
capacity of 1.5 million tons.
All employees are salaried, and earn an average of $30,000 to
$35,000 annually. The work force is non-union and likely to remain so,
there have been no layoffs at Chaparral in the company's 15 years. All
of the sill's 960 employees are invited to participate in profitsharing, and 80% of them do; they are paid from a fund into which
Chaparral deposits 6% of its gross profit.
The producer has set itself a goal of bringing down the work
force to between 700 and 800 employees,while loweringman-hours/tonby
a third. Chaparral believes that it can reduce the ranks of middle
management through participativemanagement, Employees are encouraged
to solve problems themselves, thus reducing the need for supervision,
and to assume responsibilityfor production;shift workers art required
to stay on the job if their replacementsfail to show up on time.
A worker can expect to receive about 12 hours of training each
month for the first three and a half years of his employment, before
Chaparral considers that he is completely trained in all areas.
Operators learn to maintain their own equipment in their work area, and
help engineers in R&D improve process flow and lower operating costs-savings that come back to the work force in profit-sharing.
It is the interactionbetween incentivepay systems, participative management, and large investment in training that combine to
continuously raise productivity. These very Japanese management
featureshave been a part of the history of mini-millsand are at least
as much responsible for their success as the technical characteristics
of the electric arc furnace that allows scrap to be converted into
steel.

3.5
S
Costs of steel production using a benchmark furnace depend heavily
upon scrap and electricity costs, and only marginally upon labor costs.
Prices of these two inputs and the efficiencywith which they are used
determine the ability to compete internationally.Hiqh quality labor force,
training and incentives to continuouslyupgrade workers, clusters of specialized input suppliers, and informal trading of know-how are the sources of

- 24 continual knowledge generationand diffusion. These are not quantifiable
benefits but are clearly central to an industry being internationallycompetitive.
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4. METALLURGICALINNOVATIONS
Innovation in the mini-steel sector has been driven by the need to
reduce material, energy and capital costs. Our process models show that when
the focus is on saving material, energy and capital, labor is saved as a byproduct. Increasing labor productivityin isolation is possible when labor is
being very inefficientlyused. However, when inputs are being used efficiently, technical change directed primarily towards saving labor is almost
never the goal, even in countries with expensive labor.
In this chapter we consider metallurgicalinnovationsdirected
principallyat reducing energy and capital costs. We will first describe
three melting practices that lower productioncosts: oxygen-fuelburners,
oxygen lancing with added carbon (sometimesreferred to as foamy-slagging)and
scrap preheating. Then we will consider refining in a ladle furnace, a
practice that not only lowers cost but also improves quality and production
flexibility. The benchmark estimates of the previous chapter are used here as
the reference point for analysis of process improvements.
4.1

Melting Technologies

High electricity costs have driven research to pursue alternative
forms of energy and greater energy efficiency for melting scrap charges. In
this section, we describe three practices for saving energy. As noted, other
costs fall as a by-product.
Oxygen-fuel Burners
Oxygen-fuel burners can shorten meltdown times by 5 to 15 minutes.
The thermal efficiency of burners is about 50 percent, which is slightly above
that of an EAF. The fuels used in oxygen-fuel burners, also called jetburners or oxy-fuel burners, are kerosene, light oil and natural gas. Energy
costs are cut if the fuel is cheap compared with electricity.
Oxy-fuel burners can, therefore, be used to provide additional
energy to a furnace. They are specially used at selective times to offset
peak-load electricity pricing. Oxygen-fuel burners also increase uniformity
in melting the scrap as they add energy to cold spots in the scrap charge.
However, oxygen-fuel burners have limitations:
*

They are applicable only to furnaces equipped with water-cooled
linings.

*

They require exhaust systems to extract fumes.

*

Burners and associated mechanisms may be damaged by radiant heat
or by falling pieces of scrap during charging.

-
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Oxygen Lancing and Carbon Addition (Foamy Slag Practice)
Typically, a mini-mill adds oxygen at the end of a melting period
to remove carbon from (decarburise)the steel. However, such sequential
addition is inefficient,particularlywhen ultra-highpower transformersare
being used. Energy consumptionand tap-to-tap time increase, raising cost.
Mills have, therefore, started adding oxygen along with the scrap
charge. However, such oxygen "lancing' also increases oxidation of the scrap.
To avoid this, mills pneumaticallyinject coal into the furnace (Adolph and
Paul, 1989). The controlled uniting of carbon and oxygen during steelmaking
produces a foamy slag. Besides controlling oxidation, the foamy slag improves
heat transfer from the electrodes to the scrap charge while protecting the
water-cooled panels from arc overheating and the refractory wall from forming
hot spots.
ScraD Preheating
Preheating scrap to increase the melting rate and decrease energy
consumption is a simple concept and has been carried out in some shops for
many years.
Scrap preheating can be accomplishedby using either fossil fuels,
such as gas or oil burners, or by uAsingthe exhaust or off-gas from the
furnace (Center for Metal Production1987). A typical energy balance for an
EAF indicates that about 20 percent of the energy, or over 110 kWh, leaves the
furnace as hot gases. Additional equipment, such as heat exchangers, is required to use these gases effectively. Furnace off-gases and extra combustion
air can preheat scrap to 930 F, thus saving about 50 kWh while shortening
tap-to-tap time by about 10 minutes. Preheating to 16500 F is possible with
special equipment and some subsidiary fuel, potentially saving as much as 100
kWh/ton.
Apart from power savings and shorter melting time, useful indirect
benefits are drying of the charge and pre-combustionof oil. Both of these
are important prerequisitesfor safe "hot heel' practice, in which some of the
liquid ste..lis retained in the furnace instead of all of it being removed
during tapping. This practice promotes heat transfer during the next charging
of scrap (Center for Metal Production 1987).
Most mini-mills in the U.S. were not designed to accommodate scrap
preheating. Space is short, buckets used to charge the EAF with scrap have
limited capability to withstand heat, and preheating causes difficu'.ties
with
certain exhaust fumes (McManus (A) 1988). Newer plants being installed have a
preheating system.
In Europe and Asia scrap preheating is widely practiced~. Minimills we visited in Japan and Singapore considered their batch preheating
systems to be successful in reducing process time and cost.
Batch preheating should not be confused with the Consteel process
(which is in the latter stages of developmentwith a furnace operated by Nucor
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at Darlington,S.C.). The Consteel process is a continuous steelmaking
process which combines scrap preheatingwith furnace off-gases and auxiliary
burners, with continuousmelting and periodic bottom tapping. Batch preheating operations described here represent a more fully developed technology
(Center for Metals Production 1987).
4.2

Cost laDlicationsof Melting Technologies

We examine cost savings and changes in cost structure following
the adoption of the above process improvements. Oxy-fuel burners, preheating
to 900 F and preheating to 1800 F are the three practices considered. For
reasons of data availability,we have combined the foamy slag practice (oxygen
lancing with carbon addition) with the preheating practices and studied their
combined, rather than separate, implications.
Oxy-fuel burners are cheap to install, but preheating can be
expensive (Table 4.1). The adoption of all three practices lowers electricity
use. On the other hand, consumption of oxygen and natural gas goes up (Table
4.1 and Table CA3 in Appendix C). The net effect then depends upon the
relative prices of these substitute energy sources. For the range of input
prices observed, there is a decline in total energy and electrode costs.
Finally,
total
labor employed is not significantly
affected
by the
introductionof these practices. Since output increases, labor input per ton
of steel falls.

^ 28 -

PAR MTtS

Ory-fuel
Burners

9001F
preheat'

1800'F

100.0

100.6

114.6

135.0

500

420

323

273

mcf
lbs

0.32

1.13
20.00

1.13
20.00

acf

0.36

ncf

0.18

Standard
Furnace

Units

US million

mventent

Fser

eonhw.imp

per t

of scrap

Lena.:

ozygen

elted

kwh

carbon
Buuers:

oxysgn

gas

Natural

1.06

,cf

ges

natural

Preheat

TECRNOL=IES

FM ALTUATIVE

Electrodes

Lb&

7.00

7.50

6.00

4.00

Characteristics

EAF Operational
time
Charging
time
Molting
time
Refining
Tap time
Tap-to-tap time

minutes
minutes
minutes
minutes
minutes

10
68
25
10
113

10
57
25
10
102

10
44
25
10
89

10
37
25
10
82

Capacity

thousand
tons

620.8

686.7

787.7

852.9

'

Includes oxygen lancing

in

EAF

the

feature

common

reduced

(see

The

foamy

The
from

labor
lower

the

Since

developed
cost

in

same

the

in

capacity

cost

capital

lower

in

initial

a

cost
share

of

from

the

indirect

decline

contributes

only

and,

primarily,

the

ton

per

of

labor

energy

about

cost

to

F

preheating

of

the

(including

is

per

not

very

of
$17

(along
these

more

labor

ton

of

savings,

and

is
the

(9

steel
the

high,
costs

electrode)

less

or

burners

oxy-fuel

$17

All

standard

When
are

benefits

lowering
$4

the

burners.

4.2.

Table

over
900

in

adoption

the

savings

country

capital

is

mill,

in

summarized

oxygen-fuel

firm,

country

developed
results

therefore

percent).
a

a

by

followed

implemented

are

potential

savings

practice),

For

additive.

to

a

improvement

significant

a

cost

largest

slag
are

practices

F

to

leading

time

melting

the

.ncrease

consequent

implications

cost

represent

technologies

furnace.

900'

that

is

practices
The

4.1).

investment,

aggregate

The

with

three

all

slag practice).

produced.

steel

three

to
Table

in

increase

the

outstrips
of

A
is

as foamy

(also known

added carbon

and

benefit

modest.
rest

costs.

coming

-

Table±.2:

29 -

COSTIMPLICATIONSOF MZLTIMGTECHNOLOGIES

Decrease in cost
(USS/ton

Cost Category

Country

material

Standard
Furnace
Unit Cost

1800- F
preheat*
0
0
0

27.64

1.63

4.83

4.85

35.34

2.63

7.48

8.25

DC

50.34

5.23

12.78

15.06

Labor

DC
NIE
LDC

13.44
3.20
1.92

1.29
.31
.16

2.85
.68
.41

3.66
.87
.52

Maintenance
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6.44
6.44
6.44

.58
.58
.56

.62
.62
.62

.11
.11
.11
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DC
NIE

13.09

1.37

16.11

1.46

LDC

19.34
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NIE
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16.11
16.11
16.11
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*
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0
0
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Oyr-fuel
umnors

of

foamy

slag

179.06
205.29
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1.76

1.45
1.56
1.88

.42
.2e
.35

1.46
1.46
1.46

1.56
1.56
1.56

.28
.28
.28

6.12
6.63
9.10

11.10
11.89
17.24

9.11
9.79
16.30

practice.

The absolute cost saving from the adoption of oxy-fuel burners and
900' F preheating (with foamy slag practice) is greatest for a developing
country: $25 per ton. The reason a developing country benefits most is that
these technologieseconomize on capital and electricity,the two resources
that are most expensive in developingcountries. If energy and interest costs
were higher in a developing country than we have assumed, as is likely to be
the case, the gain from adopting these practices would be even greater.
The scenario developed here is a useful illustrationof the
pitfalls of narrowly characterizingtechnical change. If an analyst focussed
only on capital and labor, he would conclude, quite rightly, that the new
technologiesmake the production process more capital intensive,i.e., the
ratio of capital to labor costs goes up in all countries. Technical change,
therefore, seems biased against developingcountries that have an abundance of
labor. However, two aspects of the change make the adoption of these technologies desirable from a developing country's point of view. First, there 's
a large saving in energy input. Second, even though the ratio of capital to
labor increases, there is a fall in the use of both capital and labor per ton
of steel produced. Hence an absolute resource saving occurs even though the
relative share of the scarce resource (capital) goes up.
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All practices discussed here reduce cycle time and hence save on
energy. Clearly, the message is Ogo faster to save energy" (Sheridan 1989).
Oxygen-fuel burners and oxygen lancing with the injection of low-cost carbonaceous material (foamy slag practice) substitute other fuels (kerosene,
natural gas, oxygen) for electricity.
Preheating
increases the efficiency of
electricity use. All practices
have the added effects of lowering unit
capital and labor coscs. For developing countries, these practices are
particularly relevant as they save on energy and capital.
4.3

SteelmakLna via

adle Furnace

The EAF has proven its ability
as an efficient melting unit but
is less efficient in refining the liquified steel. The loss in efficiency is
due to the large bath surface area when the EAF is used for refining. In
superheating a steel melt in an EAF, the energy efficiency is on the order of
30 percent. However, efficiencies may be 60 percent or higher when superheating is performed in a ladle furnace where the bath surface area is greatly
reduced (Cotchen 1988).
More importantly, the ladle furnace improves the quality of steel
produced by optimizing combustion temperatures and alloying agents to adjust
the molten steel to proper conditions before it is cast. Refining in the
ladle furnace leads to fewer surface defects, improved cleanliness and greater
consistency in mechanical properties. These features, while desirable in
themselves, also improve the efficiency of downstream activities, such as
rolling.
The ladle furnace further allows steelmakers to meet requirements
for final products with varying grade and end use requirements. At Border
Steel Mills, Inc., in El Paso, Texas, the ladle furnace has been used for
increasing the range of products offered (Wolfe et. al 1988). Bar products
for forging applications and rods for oil field applications are demanded in
various grades. The ladle furnace has been used to good effect.
Today, some mini-mills are using the EAF primarily to melt charges
of scrap, while capitalizing on the advantages of the ladle furnace for the
refining stage. Several ladle refining methods are available to process
nearly
any type of steel. Ladle refining may generally be classified into
four main categories: Stirring, injection, vacuum treatment, and reheating.
Table 4.3 lists the basic functions and processing techniques for the various
refining methods (Teoh 1988A).
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*
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*
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EH), (N], and [0]

-

Control to required level

Tooh 1988A.

Economics of the Ladle Furnace

A ladle furnace adds to investmentcost by about $3 million.
However, once the ladle furnace is introduced,the EAF has less work to do.
Specifically,the refining task, which took 25 minutes in the standard
furnace, is now completely transferred to the ladle furnace. The throughput
of the EAF is therefore increased. Considerableeffort is required in
logisticallymatching the ladle furnace to the EAF. Provided that such
coordination is achieved, the throughputof the entire system is increased to
almost 800,000 tons. As in the previous cases, the increase in output is
large enough to substantiallylower unit capital costs.
The total cost savirgs from introducinga ladle furnace are
reported in Table 4.4. The structure of cost savings is very similar to that
of the melting technologiesand is not reported here. As before, developing
countries gain the most, due to features that carry forward from the previous
technologies:

capital and energy cost savings.

The higher the interest rate,

the greater the absolute cost reduction. See Table 4.5.
In addition to lowering the cost of production, the ladle furnace
also allows for higher product quality with greater scope for producing a
variety of steel products. By lowering unit costs of production and raising
product quality at the same time, the ladle furnace will soon have the effect
of rendering obsolete a range of low-qualityproducts.

-
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SumnmarX
Once considereda luxury and a liability, the ladle furnace today
is recognizedas an indispensabletool for clean steel production. Customer
demand for higher-qualitysteel is forcing mini-mills to adopt the ladle
furnace. Its role is likely to increase es mini-mills add to their lines
products that require longer refining time to lower the residual content.
Ladle furnaces have diffused rapidly all over the world (InternationalIron
and Steel Institute 1990). Even LDC firms producing relatively low quality
products can derive significantcost benefits from a ladle furnace. See Box
4.1.
Table 4.4:

COST IMPLICATIONS OF A LADLE FURNACE

(=/SSton
Country
type
(1)

Standard
Furnace
(2)

Standard
+
Ladle Furnace
(3)

Cost
Difference
(X)-(3)-(2)

179.:
205.3
222.4

165.5
192.3
206.3

-13.6
-13.0
-16.1

DC
NIE
LDC

Table

Country
type

(1)

DC
NIE
LDC

of liauud steel)

4 5

INTEREST COST REDUCTIONS THROUGE A LADLE FURNACE
(USS/ton
of liquid steel)

Interest
Interost Costa When Usinr
rate
Standard
Standard +
Coat
(1)
Furnace
Ladle Furnace
Difference
(2)
(3)
(4)
(5)-(4)-(3)
---------- SS/ton of liquid steel------------------------------

e
10
12

15

13.1
16.1
19.3
24.3

10.4
13.0
15.6
19.5

-2.7
-3.1
-3.7
-4 8
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Box 4.1: PRODUCTIONBOTTLENECKS IN INDONESIA
The lack of a ladle furnace is a serious handicap at the minimill operated by P.T. PulogadungSteel in Jakarta, Indonesia. The mill,
which produces about 48,000 tons per year, has a tap-to-tap time of 135
minutes; by contrast, the tap-co-tap time for this report's benchmark
furnace is 113 minutes, and the time in some developedcountries is only
60 to 70 minutes.
The electric arc furnace is the bottleneck, since there fs an
imbalancebetween the EAF and the plant's two rolling mills. Pulogadung
is installing a second EAF, which will increase its steelmaking
capacity. However, if Pulogadunghad a ladle furnace for refining its
higher-qualityproducts, it would free the EAF exclusively for charging
(melting).
Pulagodung has other production problems. Like many manufacturers in LDCs, it cannot depend on the reliability of electricity;
service typically stops one or twice each month. Nor is electricity
cheap. The local supply of scrap is limited, and nonexistent for
specialty steel, so scrap must also be imported from the United States
and Hong Kong. The company has introducedcomputerizationat a minimal
level, for inventory control and some manufacturingoperations.
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In any industry the effective use of computers requires that the
production process be well understood. The computer is an instrument for
accurate and rapid computation. But for the computations to oe of value, they
must be performed on relationshipsthat are good representationsof the
production process. We noted in Chapter 3 that such knowledge has been
acquired only slowly over the last decade. Computers have, therefore, spread
within mini-mills at a slower rate than within integratedmills. Innovations
described in the previous chapter have led to greater controllabilityof the
process and the rapid spread of computers now seems imminent.
The principal effect of computers thus far has been improved scrap
management. Examples of full process control are rare but are rapidly
increasing. Computers continue to decrease in size, increase in power and
accept more powerful and user-friendlysoftware. Computers connected with
control operations allow users to coordinateproduction procedures so that
material flows from one process to the next with the minimal del.y and
handling; they also facilitate tighter quality control.
5.1

ComRuterizedMaterials Mana&ementProgram

Today, more and more steel producers are also using computers
extensively for data logging and informationacquisition to support materials
management. Purchase, storage, and use of materials in the right quantities
and the right sequence is a complex operations research problem that is
usefully committed to large computers. Materials management programs seek to
minimize the materials cost per ton of product, consistentwith quality
requirements.
Scrap, fluxes, alloys, refractories,and electrodes in varying
qualktities
and qualities are the major cost components for makers of carbon
steel products. A materials management system draws on information about
these inputs from the raw materials marketplace,melt shop operations, and
product quality specifications.
To establish a materials management program, it is necessary to
create an information-gatheringsystem to log data in sequence to help
characterizethe raw materials and their use. Materials must be classified by
chemistry, by iron yield, by integrity of scrap, and by price (Schroeder
1985). Monitoring materials use on a heat-to-heatbasis can help set rules on
how and in what order materials are committed to production.
Sophisticatedlinear programs are used for scrap management.
Constraints resulting from EAF process parameters, scrap chemistry, scrap
inventories,scrap price and availabilitydrive the program. For the final
product desired, the program chooses the least-costcombination of materials.
Such sophisticationis critical if mini-mills are to upgrade the quality of
their products. Rapid changes in product composition also require detailed
control over raw material management. Table 5.1 shows the percent savings
possible through computerizedmaterials management (Schroeder 1985).
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Computers for Process Control

Linking shop-floor computers to central control operationsover
the entire steelmaking process creates a closed-loop control system. The use
of real-time information,so all stages of the process have the same information simultaneously,enhances productivity,reduces cost and, most important.
improves quality. Today there is a big push to integrate all areas of
steelmaking.
Once an extensive data logging and acquisition system to record
information is established,conventionalmathematicalcontrol algorithms can
be used to make decisions in response to process events by manipulatinga set
of rules programmed by the software. The major cost and effort for computerized process control is in the development of application software.
Advanced personal computers (PC's) can provide decisions in
fractions of a second, or a few seconds at most, for process control applications. PC's are being used on the shop floor to give personnel immediate
informationabout the process, resulting in faster decision-makingand better
process control (Horne 1988). The cost of these systems has fallen considerably in recent years, while the software language can be mastered without too
much difficulty.
User-friendlysoftware is extremely important, as the real measure
of any computer-controlledprocess system is whether human knowledge of
procedures and corrective remedies can be readily translated into a form that
the computer can understand and manipulate. Since operators and in-house
engineers best understand their own mill's environment,software is most often
developed in-house for a mill's specific operation.
5.3

Examiplesof Process Control

In 1984, National Iron & Steel Mill (NISM), Singapore,which
produces bar products of carbon steel, launched a major program to modernize
and expand its melt shop operation. Table 5.2 describes the performance of
the melt shop after the computer control system was implemented. Power demand
fell and better furnace productivity led to fewer processing delays. The com-

36 puter control system paid for itself in less than one year (Hock and Schroeder
1988).
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In addition, the quality of the steel improved and the efficiency
of continuous casting increased. See Box 5.1 for a description of how these
improvementsbecome possible.

-

BOX 5.1:

37 -

PROCESS CONTROL BY COMPUTER IN SINGAPORZ

At Singapore'sNational Iron & Steel Mill (NISM), every step of
the process is controlledby an on-line, real-time computer system. A
computer regulates,for example, the amount and duration of power going
to each of the mills's three EAFs, with autoatic switch-overfrom one
furnaco to another. Because electricity is not cheap, this is an
important area for savings.
In 1987 NISM installed a computor-controlledspectrometric
analyzer that can handle up to 40 elements. The analysis, which takes
only a minute or two, involvestaking three samplesper tap: one during
the meltdown stage (to confirm that the input data on the grade of scrap
steel is correct); one during the refining stage (to ensure the carbon
compositionis correct);and one during the final ladle stage (to ensure
the product meets customer specifications). A fourth sample is taken
when the steel is poured into the continuouscaster.
At each step, if changes are necessary,the results are disseminated throughout the process. If the sample taken during meltdown
reveals that a longer tap-to-taptime is requiredthan originallyinput,
for example, the control ;.ystem
automaticallysends a go-slow signal to
the ccntinuous caster because pouring into the caster will be delayed.
Such measures, which allow the system to run continuously,result in
savings on energy and material.
In general, the computer control system allows NISM to
coordinate power demand and process flow, and to turn out a consistent
product. It also supports R&D efforts aimed at reducing processing
times and costs, by supplying data on actual times, conditions and
inputs.

At Lukens Steel Company, Coatsville,PA, raw material handling,
EAF melting, ladle refining and continuousslab casting are all linked through
computer loops (Hess, 1989). Also linked are auxiliary equipment such as oxyfuel burners, oxygen lance and carton injector. Mechanical motions are
regulated by programmablecontrolle:s. To maximize benefits from this
computerizationprogram, Lukens' engineers have worked at designing scrap
charges, developingmelting practices and improvingmaintenance capabilities.
5.4

Computerizationof the BenchmarkMill

If we apply the potential benefits of a computerizedprocess
control system and materials management program to our benchmark mill in each
country type, we can estimate the potential cost savings on a per ton basis.
Table 5.3 displays the breakdown of cost savings per ton of liquid steel
before and after implementation.
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16.11
16.11

0.64
0.64
0.64

TOTAL

DC
NIE
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179.06
205.29
222.24

13.61
14.74
15.40

0.25
0.25

Process control system and materials management are used to

monitor and control all functions in the melt shop, from scrap selection
through billet casting. Capital investment for the computer control system is
assumed to be $1 million worldwide.

Lower power and materials consumption,along with associated
savings from a reduced meltdown time (such as electrode consumption,
maintenance,capital recovery, and labor) cut the final cost per ton of liquid
steel by $13.61 (7.6 percent) for a DC benchmark, $14.74 (7.2 percent) for an
NIE, and $15.40 (6.9 percent) for an LDC.
As in other scenarios, the absolute cost advantage is greatest for
an LDC. In this case, savings in materials costs are the major benefit.
Developing countries,being importers of scrap, gain the most from technologies that economize on scrap.

Since materials constitute a major percentage of the liquid steel
cost in mini-mills, material savings (based upon a computerizedprocess
control system and materials management program) can substantiallyreduce unit
costs.
The benefits of computer control reach beyond cost savings to
quality improvement. A computerizedprocess control and materials management
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program can create a predictableenvironment that permits much greater
stability and consistency in final products. A consistent,high-quality
industry.
product will give mini-mills a competitive edge in the steel
and cost of
One area of concern, however, is the availability
technical expertise. For a computer system to be successfully installed,
maintained, and operated, trained engineers and operators are required.
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6.

IMPROVEMENTS
TO CONTINUOUSCASTERS

Recent technologicalchanges to continuous casters have improved
their operating performance,enabling steel producers to increase production
rates and improve quality. In this chapter we will discuss some of the most
important advances.
Virtually all mini-mills now run in tandem with 100 percent
continuous casting operations. In a continuous caster, molten steel from a
ladle is teemed into an elevated tundish, a structure that functions rather
like a funnel. Through an opening in the bottom of the tundish, the liquid
steel flows onto a water-cooledcopper mold. The metal and the mold move
downward together for about 25 millimetersuntil the skin of the strand of
steel freezes. Then the mold is moved rapidly upward, breaking loose from the
solidified skin and returning to its starting point to grasp the next strand
of molten metal.

The continuous casting machine has been substantiallyredesigned
since it was introduced commercially in the 1960s. Design and operating
changes have helped improve performance, quality and cost savings.
Table 6.1 lists the main features that have helped lower energy
use, better product quality, and raise steel yield for continuous casting of
billets. Machine design changes and operating technique improvements have
lowered failure rates, shortened set-up times, simplified operations, increased casting speeds, and cut costs; the result has been higher casting
productivity and lower man-hours per ton. Techniques aimed at improving
quality have reduced nonmetallic inclusions, stabilized the flow of steel and
improved the surface finish.

-
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Table 6.1: MAJOR MACHINE DESIGNS & PRACTICES INTRODIJCED IN
CONTINUOUS BILLET CASTING

BENEFTI'S

FEATURE

MacbineDusep and Equipment
Slidegates for ladla and tundishes with high-performance
refractonce

Lower failure Ate, simple operation, shorter set-up time, faster
tumaround time

Cold tundish lined with prefabricated disposable boards

Rapid tundish change and energy saving

Top inserted dummy bar

Shortened caster preparation time

MuJtistage mold
Water spray for secondary coooingzone
Supporting rolls to prevent bulging of billets

Higher casting speeds
Loner failure rate

Compact billet caster
Rapid mold and roll changing

Higher productivity
Manpower reductions

Operating Techniques
Extended sequence casting, which requires:
Rapid changing of the ladle during casting
- Employment of a large ladlc and tundish
- Fast removal and replacement of the mold
Restranding dunng casting

Higher productivity and yield, reduced production costs, prevention of stan-up trouble, energy savings

Coupling technique

Steel from the next heat can be cast onto the tail end of the
previous heat

Round billet caster

Billets can be direct rolled to seamles tubes

Direct hot billet ciharging into the reheating furrace

Energy savings

QuaLity Improvement Techniques
Protection of the ladle and tundish stream from oxidation
Use of filter

Sleel cleanliness improved by reduction in nonmetallic inclusions and a better surface finish

Electromagnetic stirring (EMS)

Avoid nozle blockage, prevention of central segregation and
inclusion control

Automatic metal level control

Maximum metul yields, reduced labor force and numbers of
breakouts

Liquid steel flow control by integrated flow controlsystem

Stabilization of steel flow from ladle-to-tundashand tundish-tomold

Addition of mold powder (especially Ca-Si poywderinjection)

Better surface finish
Casting smaller sections

Argon injection through the tundish stopper and sub-entry
nozzle

Prevention of alumina buildup at nozzle

Computer or microprocessor-basedcontrol and automation

Higher productivity, labor savings and improved working condition
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Additional efforts to improve the "conventional"continuous caster
are being made in the following areas (Teoh (B) 1988):
*
*
*
*
*
*
*
*

Slag detection and control
Tundish flow modeling for optimized design
Mold powder control
Automatic mold process control
Enhanced stability of strand guide alignment
Automatic hot surface inspection
Increasedhot direct charging
Development of special shape, high-speed casters

Thin slab casting and strip casting are two technologies that
might offer mini-mills the chance to exploit demand in the lucrative flatrolled market. Both these technologiespotentially allow sharp reductions in
capital investment,energy, processing time and manpower. Steelmakers have
for decades tried to develop techniques to cast steel at sizes nearer the end
product, and the folklore of steel manufacturingis full of near-misses
(Preston 1991). The key, it appears, has been the design of an appropriate
funnel into which the molten material is poured. Finally, however, thin
casting is moving from the domain of experimentationto commercial use.
Several viable processes for thin slabs, i.e., slab ranging from
20 to 40 mm in thickness and 1,500 to 2,000 mm in width, are in various stages
of development (Teoh (B) 1988). Thin slab casting does not eliminate hot
rolling; however, it greatly lowers the amount of reduction necessary to
produce hot band. The thin slab caster, together with the simplified hot
strip mill, have a lower investmentand operating cost than the conventional
casters and strip mills (Cramb 1988).
Last year Nucor Steel became the first mini-mill in the world to
adopt the thin slab caster in its estimated $264 million flat-rolledmill in
Crawfordsville,IN, with an annual capacity of 800,000 tons. The plant's
startup was difficult (narrated dramaticallyby Preston 1991). However, most
process problems have apparentlybeen ironed out and an acceptable quality
product is being produced. Over the next few years, it is expected that the
quality of steel produced will further improve as surface blemishes are
eliminated. Nucor estimates that its final product will be $50 to $100 per
ton cheaper than the conventional integratedproduct (see Box 6.1).
Armed with the thin slab caster, Nucor is entering the flat
products area, long considered the preserve of integratedmills. Other minimills have been more cautious, but the move towards flat products is clearly
gathering momentum. Birmingham Steal Corporation, in partnership with Proler
InternationalCorporation and Danieli & C. Officine Meccaniche S.p.A, is
setting up a mill expected to cost $200 million, with an annual capacity of
800,000 tons of thin slab, flat-rolled steel (Wartzman 1989).
Strip casting will be even more dramatic than thin casting, when
it becomes technically feasible. In the most optimistic scenario, rolling
mills would be completely eliminated as strips of less than 5 millimeters
would be directly cast. When available, strip casting machines are expected
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to be small, inexpensiveand cost-efficient. However, many problems must be
solved before the process can be commercialized. The serious commercial use
of thln-castingmachines for low carbon, aluminum-killedstrip is at least 5
to 10 years away (Cramb 1988).

BOX 6.1: TRE FUTURE IN FIAT-ROLLEDSTZEL
The sixth mini-mill for Nucor Steel, the Crawfordsville,IN, plant
will compete head-on with integratedsteel producers in the United States
and abroad. Nucor, the seventh largest U.S. steel producer, is intent on
being the lowest-costmanufacturer--astrategy it expects to implement in
the flat-rolledmarket it is entering through the thln slab caster.
In adopting a thin-casterthat had never been commerciallytested
before, Nucor took the type of risk that has become the hallmark of minimills worldwide, though the scale of investmentand potential implications
may be unprecedented.

The potential is enormous. Flat-rolledproducts are a high valueadded item with sizable profit margins, and a larger range of appllcations
than any other steel product. The mill will initially target appliance
manufacturers,and may later try to sell to the automotive industry.
Made by SMS Schloemann-Siemag, the continuous caster has a
capacity of 150 tons per hour. It is designed so that the mold can be
changed quickly, in about 45 minutes. The caster produces five to six
slabs--40 to 50 mm thick, roughly 4,000 mm long--perheat.
Nucor believes the process will allow it to be more responsive
than the integratedsteelmakers. The company hopes to move to made-toorder production runs rather than selling from inventory. Lead time for
hot band coils is projected at two weeks, and for cold rolled output at
three to five weeks. The industry'saverages are four weeks for hot and
six weeks for cold.

Nucor certainly is pleased with what it sees in its Crawfordsville
plant. A now $300 million plant is being built in Arkansas, and industry
analysts predict that other steel producers will have little choice but
to follow the leader.

Summary

Improvementsto machine design and operating techniques for the
"conventional"continuous caster have lowered failure rates, shortened set-up
times, simplified operations, increased casting speeds and lowered costs. The
result has been higher casting productivity,better product quality and fewer
man-hours per ton. While the advent of the thin slab caster has opened up a
new market for the EAF steel producer, strip casting needs further development
before it can be commercialized.

* 44 7. CONCLUSIONS
7.1

Cogetitive Position of Nations

We have demonstratedthe following propositionsregarding costs of
producing steel in mini steel mills:
(1)

Total cost of production tends to be most sensitive to costs of
electricity and scrap, and less sensitive to capital and labor
costs.

(2)

Differences in production efficiencyusing a given technology can
account substantiallyfor production cost variations between
firms.

(3)

Differences in use of various modern technologiesthat enhance the
"standard" furnace also account for a large part of cost variations. Most of the newer technologiesdominate the old, inasmuch
as they lower costs of production irrespectiveof country type.

A developed country mill that started with a benchmark furnace in
the 1983-85 period and steadily added the innovationsdescribed in this report
would have lowered costs by a maximum of $45 per ton (if all the effects were
additive). On a base cost of $180 per ton, that represents a 25 percent
decline. For a mature industry, this pace of change is rapid . ideed.
The technologicaland cost strengths of the U.S. mini-mills make
them formidable competitors in their domestic market, particularlywhile the
dollar is weak; at current exchange rates, operating costs in U.S. steel mills
make them very competitive. Even at extremely low wages, less developed
countries (LDCs) currently cannot easily compete for U.S. customers with the
highly efficient American producers.
Still, the substantial steel purchases by the U.S., Europe and
even Japan suggest that there is a potential overseas market for LDCs and
newly industrializingeconomies (NIEs) if they can develop the right products
at low cost and reliable quality. Additional markets may be provided by LDCs
and NIEs that have failed to develop a strong steel industry. But steelmakers
in LDCs and NIEs can no longer rely merely on low-cost labor; they must become
the technologicalrivals of steelmakers in the developed countries.
The news for LDCs is, therefore,mixed. Mini-mills are increasingly a viable alternative for many varieties of steel and hence LDCs have a
small-scale, low-investmentcost alternative to the big integratedmill.
However, success in mini-mill production does not come easy. The many
metallurgical innovations,past and ongoing, plus the increasing computerization of production require a trained labor force quick to respond to technological challenges.
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7.2

Players:Old and New

Trade in steel has followed the classic product cycle trajectory.
In the 1960s, Japan took away market share from the Western industrialized
nations; in the late 1970s and early 1980s, Korea, Taiwan and Brazil did the
same to Japan. These transitionswere largely associatedwith low wages in
the emerging nations.
How well will Korea, Taiwan and Brazil survive? Will developing
countries with even lower wages now become increasinglyimportant exporters of
steel? In particular,will the technologyembodied in mini-steel mills allow
easier entry for the latecomers?
A few new entrants are surfacing. The most promising of these is
Turkey. China, Indonesia and Mexico could also make a mark on international
trade. However, it is important to note that the reason for the success of
Turkey (and earlier of Korea, Taiwan and Brazil) is due much more to their
capability for efficient manufacturingthan merely to low wages. For China
and others to enter internationalmarkets in any substantialway, they must
invest in improving process capability and keep pace with the evolution of
technology internationally.
Even as the product cycle is moving to lower-wagecountries,
certain forces are reversing the process. In the United States particularly,
but also in Europe and Japan, mini-millshave become increasinglycompetitive.
These nations have the advantage of low scrap costs and electricity prices.
Even more importantly,they are pioneeringwith new generations of technology
that are changing both the nature of the final product and the underlying
process.
Certain developing countries could choose to stop making steel,
given their inherent disadvantages,which are magnified by the new technologies. A U.S. firm that adopts all the technologiesdescribed in this
report can produce at a cost that is about $45 lower than the benchmark cost
of $180. At that cost, it is just about ready to ship steel competitivelyto
an LDC that is using a "standard"furnace. The product quality advantage
enjoyed by U.S. firms further reinforcestheir competitive strength.
However, it is worth noting here that at least some developing
countries are betting that adopting modern technologieswill pay off. Korea,
Taiwan, Singapore and Turkey are among a select group of countries taking this
route. T n terms of the technologiesdescribed in this report, the NIE firm
visited was the most progressive of the sample, more so than some of the most
innovativeU.S. firms that were also interviewed.
"Intra-industry"trade, or the import of certain varieties and
qualities and the export of other varieties and qualities, is a growing trend.
Countries investing in new technologiescould increasinglyparticipate in
internationaltrade on this basis. The most plausible scenario is that
developed country mini-mills will focus increasinglyon higher-quality steels
within their current product range and gradually move into areas that have
been the preserve of integratedproducers. Supplying semi-finishedand low-
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quality steel and buying higher-grade steel is likely to be a serious option
for low-wage countries upgrading steel technology.
It should be re-emphasized,though, that the "lower-quality'
steels are a moving target. New technologiesrender the lowest-qualitysteels
obsolete by simultaneouslylowering cost and raising product quality. Those
who do not continually adopt such emerging technologieswill have nothing to
sell.
7.3

Technical

Chanc

With the latest technology to enhance their competitive position,
it is likely that the modern mini-mills will become the dominant,
all-purpose steel producer in all parts of the world; the very
large integrated steelworkerswill exist only in those areas that
can offer specially advantageousoperating benefits and a reasonably stable market of the appropriate size" (Teoh (B) 1988).
Other experts have voiced similar views, although the prognosis is not
uniformly held. What is clear is that the mini-mill has come a long way from
being a curiosity that catered to geographicallynarrow and specialized
markets, to being a major competitor shipping products all over the world.
Many technologicaladvances are on the anvil and are likely to further
reinforce the position of the mini-mill.
Despite the striking progress made by the industry, especially in
the last decade, it is worth remembering that change occurred incrementally.
Starting from small furnaces that were genf ally black boxes, often spewing
out unusable output, mini-mill operators have succeeded i.nenhancing the
furnace so that it can be controlled to produce many different grades of
steel. In the process, the industryhas also evolved in ways that are likely
to change competition significantly. Scales of production are larger than
they once were. Entry costs are about $100 million, and rising, for internationally competitive mills.
The steel plant of the future could produce iron directly from
iron oxide without the annoyance of coke and coke ovens; it will melt iron in
an arc furnace followed by ladle refining and cast steel in strips close to
the final shape required. The entire process will be monitored by intelligent
computers ever vigilant of changing temperaturesand chemical compositions.
Optimists believe that this vision can be realized within a decade. Realists
expect a "host of incremental improvementsin basic steelmaking over the
1990s" (Iron Age, January 1990, p. 17).
These changes in technologywill drive and are being driven by
changes in industry structure. Smaller mini-mills are likely to merge with
the larger ones as greater investment is made in developing and keeping pace
with technology. Vertical relationshipswith suppliers,processors and final
customers will increase in length and depth as products are tailored to enduser needs.
Developing country mini-millswill need to adopt the innovations
described here to stay competitive. In fact, these mills stand to gain more

-

47 -

than developed country mills since the innovationssubstantiallyreduce
capital, energy and material costs, all of which are relativelyhigh in
developing countries. The greater the cost of electricity and the interest
rate, the greater the savings.
This report also suggests a sequence in which innovationsshould
be adopted. Control over the melting process (throughoxy-fuel burners and
preheating with slag foaming), followed by ladle refining, leads to greater
output and quallty consistency. Once these are in place, computerizationof
materials management and process control result in further increases in efficiency.
All technologiesdiscussed in this report require additional
capital investment, ranging from very small amounts for oxy-fuel burners to
preheating equipment which increases capital costs by 15 percent or more.
Computerizedprocess control and materials management fall at the low end of
the incremental investmentrange. Though the consequent increase in output
reduces capital costs per ton of steel produced, the capital/laborratio rises
in all casAs. It can be anticipated that, as newer technologiesemerge. the
capital/laborratio will rise further.
Does the greater investmentgive the newer technologiesa bias
toward developed countries? In the long run, the answer seems to be: Yes.
Current trends in technology and industry structure will not make business
easier for developingcountries as efficient scales of production rise and
capital/laborratios increase.
7.4 Manaaement Practices
Mini-mill competitivenesswill be determinednot only by low costs
but also by the ability to find a market niche and produce steel with consistent properties. This will require efficient management operating practices.
Finding a Market Niche
Mini-mills will continue to concentrate on a particular group of
consumer products, rather than attempt to be mini-integratedsteelmakers. In
the past, they have either established a dominant position for a wide range of
products within a particular geographicalarea (neighborhoodmill) or limited
their range of products and sought a wider marketplace (market mill) (Teoh (B)
1988). The trend is now towards greater product specialization,and most
leading mills are market mills. Product focus will, therefore,be a key
ingredientof success.
Basic advances and emerging technologywill allow mini-mills to
continue to enter new market areas and grow in market share and annual
capacity. The advent of the thin slab caster has opened up a whole new market
for the EAF steelmaker. Producing a steel sheet a few millimeters thick,
offers mini-mills a cost-effectiveway to enter the lucrative flat-rolled
market.
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The Im2ortance of Ouality
Mini-mills in all country types will need to address the importance of a high-qualityproduct. Both ladle refining and computerizedprocess
control will help steelmakers control variabilitywithin the steelmaking
process. Unless LDC mills embark on programs aimed at total quality control,
they will find themselvesunable to compete with mini-mills in both NIEs and
DCs. Some LDC mini-mills have shown themselves capable of adapting to greater
internationalcompetition and to the more stringent demands of customers. See
BoX 7.1.

BOX 7.1: CUSTOMER SERVICE IN MEXICO

Quality and customer service have made the crucial difference
for Acero Solar, a ml-ni-millin Mexico that produces specialty steel
mainly for commercialuse. The steelmaker lost 40 percent of its sales
of finished products in 1986, when Mexico joined the General Agreement
on Trade and Tariffs (GATT); Acero Solar could not match the prices for
imported specialty steel. Now the company is regaining some of that
business. But while the steelmaker is more price-competitive these
days, what it sells primarily is quality ilS service.
In specialty steel, chemical and physical properties a8X
critical to the product's application. Acero Solar has a certified
testing laboratorywhere it can determinewithin 26 seconds 28 different
elements in a sample of steel. Its lab is the only one in Mexico that
can test for the presence of oxygen in steel. For the finishedproduct,
the company's quality control program is also exacting; it tests for
internal and surface imperfections,strength, chemical content, length
and thickness.
Quality aside, Acero Solar goes far to satisfy its customers.
It produces virtually any specialty steel, in particular lengths and
sizes, that its customers demand--and it delivers on time. Also, Acero
Solar's customers pay only half the bill in advance, and the remaining
half on delivery. Such liberal terms are not available to buyers of
imported steel.

A Lean. Highly-MotivatedWork Force
Although the share of labor in total cost is small, the role of
labor continues to be pivotal in ensuring competitive performance. Product
quality depends heavily upon the quality of the work force. Workers who have
direct shop floor experience embody substantialknowledge of the steelmaking
process. Many US mini-mills have already worked hard to improve incentives
and labor relations, and those in LDCs will have to follow suit. Many mills
will need to improve traditionalmanagement methods, labor incentives ard
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labor relations. That in turn will require a great deal of training,
education,employee involvementin process decisions,promotion programs and
other infrastructuredevelopment.
As modern technologiesare being introduced,factory workers are
being called upon to take up new and more integrative functions. We have
stressed the growing importanceof oultiskilledemployment and flexibility in
the steel industry, a trend that is consistentvith our findings in other
sectors. In the future, the steel labor force will need to be better "educated.' However, education within the factory will be at least as important
as formal education,
if not more so. The process by which multiple skills and
flexibilityare acquired cannot be replicated in classrooms. Some developing
and newly industrializingeconomies are well-positionedin this regard. The
NIE firm visited had developed all its automation software internally.
The Cost of Electricity and Scrap
As the focus of this report is manufacturingpractices, two
important areas of cost reduction we:e not discussed. High electricity costs
are a feature of many developing countries and competitive mini-mills clearly
need access to inexpensive electricity. However, any examination of
electricity generation and pricing would require a separate study.
The continued availability of scrap at relatively low prices is
also critical for mini-mills to compete with integrated producers. In
addition, developing countries, relying primarily on imported scrap, need
efficient mechanisms to import scrap. Turkish firms have apparently dealt
with this need through cooperative arrangements, whereby one major firm has
undertaken the task of importing substantial quantities of scrap from the
United States for its own use and for di-ribution to other mills. (See
Appendix B.)
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APPENDIX A: MINI-MILLSVS. INTEGRATEDPRODUCERS
Mini-millshave been limited to relatively low-quality steel
products because the electric arc furnace (EAF) has only coarse refining
capabilities. Table A.1 shows for 1986 the steel shipped by U.S. mills,
integratedand mini; an expert's estimate of how much the mini-mill sector
could technicallyhave produced; and how much was actually produced by minimills. It is clear that mini-mill strength lies in the production of bars
(for reinforcementin constructionand other uses) and rods (for making nails,
fine wire, staples, springs, mesh). Increasingly,mini-mills are producing
tubular products, light shapes and sections (channels and beams). Flat-rolled
is
a leading U.S. mini-mill,
sheets are the next target. Nucor Corporation,
pioneering the use of thin slab casting which, as the terminology suggests,
permits the steel to be formed in thin layers requiring much less rolling than
otherwise and hence vascly increasingthe efficiency of producing flat-rolled
sheets.
Table A.1.

ESTIMATE OF TECHNICALLY FEASIBLE MARKET AND SHIPMENTS

IN THE U.S., 1986
(thousandtons)
Steel Shipped
by U.S. Integrated
and Mini-Mills

Product

Reinforcingbars
Bars (excludingrebar)
Wire rods

Technically
Feasible
Market for

Mini-mill

Mini-mills

Shipments

4,229
7,816
3,464

4,229
7,425
3,464

Wire products

1,080

1,080

Structuralshapes
Plates
Pipe and tubing
Strip (cold rolled)
Strip (hot rolled)
Shoet (cold rolled)
Sheet (hot rolled)

4,233

1,904

3,565

2,496

2,836
920
635
13,250
12,167

2,836
736
476
736
7,950

Source:

4,229
3,301
2,900
900

1,200
600
300

240
0
0
0

McAloon, 1988.

A comparison of costs for an EAF and a conventional oxygen furnace
used by an integrated steel producer sliggeststhat carbon steel can be made
competitivelyin an EAF in the United States (see Table A.2).
The estimated investmentrange for a mini-mill is $150 to $320 per
ton of capacity and for an integratedmill is between $1000 and $1500 (Miller
1984). The far lower investmentcost of mini-mills has allowed producers to
revise and update their process continuallyby adding such innovations as continuous casters
and ladle furnaces.
A few important features of the cost structure should be noted
(Table A.2). The EAF relies more heavily on purchased inputs (and
correspondinglyadds less value). Energy costs are a substantial 19 percent
of EAF steelmaking costs. Labor accounts for only 8 percent of the liquid
steel cost, two percentage points less than in an oxygen furnace. Costs of
production are therefore even more insensitive to wage rates than in an
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integratedmill. Materials managementand electricity rates are the two
dominant factors effccting competitiveness.
Other important distinctionsgive mini-mills their advantage.
Particularly in developed countries,they have escaped the bitter labor
history and high wage rates of the unionized integrated firms.
The mini-mill's cost advantages should not be exaggerated.
Integratedproducers have made heroic efforts in the past several years to
lower costs through reduction of labor force. Integratedproducers have also
gained from retrofittingexisting equipment and keeping depreciationcosts at
a low level. From a developing country'sviewpoint, the mini-mill suffers
further in comparisonwith the integratedmill. Scrap is almost always
imported and is, therefore,more expensive than in a developed country, often
reducing the cost advantage of the mini-mill. That is one major reason why
Venezuelan mini-steel producers use directly reduced iron as feedstock.
Mini-mills in the U.S. have also benefitted from the protection
from imports accorded the industry.

Table A 2: BREAKDCWN OF STEELMAXING COSTS PER LIQUID TON
ELECTRIC ARC VERSUS BASIC OXYGEN FURNACE

Electric
Furnace

Input

(Unit

Oxygen
Furnace*
Cost

in USE)

Electric
Furnace
(Coat

Oxygen
Furnacel
Structure

1

$102

35

S83.26

59.3

43

$32

84

531 60

19 0

1 6

54.00

$9.40

2.0

4.9

Labor

S13.4'

S19 13

Capital
(interest'nd depreciation)

820.00

S47.02

11.6

24.7

S172.63

S190.41

100.0

100.0

Materiala
(ore,
scrap,

fluxer, etc.)

Energy
(coal, electricity, oxygen,
oil, etc. gas credits

Maintenance
(materials and services)

Total Liquid Steel Coat

* Orygen furmnce costa include cowponents in coke end hot metal.
Sourc:

Center for Metals Production

1987.

7 8

10.1

7
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APPENDIX 5: TECHNOLOGY PIONEER ON THE AEGEAN
Production of steel has grown faster in Turkey than in any other
major steel producing country. Mini-millshave flourishedwhile the statedominated integratedsector has struggled.
Turkish mini-mills have been in the vanguard of the country's
export drive in the 1980s (Table B.1). They are models of cost efficiency and
ever on the watch for innovations that could reduce costs or improve product
quality. However, like the rest of the Turkish export sector, their progress
has been punctuated by sudden and sharp setbacks. Collapse of the Middle
Eastern market, shifts in the real exchange rate, and changes in export
subsidies have been among the factors causing booms and busts.
Table 8.1: PERFORMAINCE
OF LEADINGTUR^ISB MINI-MILLS*
(in million
USS)

Sales
Profit
(2 of

sales)

Exports
(X of sales)
i

1986

1987

'988

689.4

770.4

1,042.8

20.6

37.1

65.5

(3)

(5)

(6)

196.1
(28)

218,7
(28)

441.8
(42)

The mini-mills
included here are:
Cukurova Celik Endutrisi
(Cukorove Group)
Colakoglu Matalurji (Colakoglu Group, AF)
Izmir Dasir Celik Sansyii
Mates Izmir Metalurji
Fabrikasi
lcdas Istanbul
Celik Vs Dmir Izabe Sanayaii
Diler Demir Celik Endustri
Ve ticaret
Cl tes
Orpas

urce:

Journal of the Istanbul
Issue Number 284

Chamber of Commerce, October

15, 1989

Turkey's first private-sectormini-mill, Metas, on the Aegean
coast, began in 1956 as a 30,000-toncapacity rolling mill making reinforcing
bars for the domestic market. But expansion and modernizationhave been
continuousat Metas, and it has brought along Turkey's steel industry in its
wake. Today, with rolling mill capacity of 360,000 tons, Metas accounts for
5.5 percent of total Turkish steel production and 10 percent of its EAF steel
production.
In 1964 Metas introducedcontinuous casting to Turkey; other
manufacturerssoon followed, such that continuous-castingtechnology has
reached a level of penetration in Turkey matching that of the European
Community and other industrializedcountries. During the early 1980s, Metas
adapted the latest technologicalimprovementsfor arc furnaces, increased melt
shop capacity to 480,000 tons per year, and decreased its tap-to-tap time to
70 minutes. In the latter half of the decade, Metas established a five-year
inv,stmentpackage to develop higher value-added quality steels. It added a
state-of-the-artoxygen plant and two ladle furnaces, and the world's first
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well as the capability of producing higher-qualitysteel. Its product line now
includeswire rod materials, reinforcingconcrete steel bars, carbon steel
bars and low-alloy steel bars.
Extensive capital commitmentscoincided with withdrawal of export
subsidies in line with GATT commitments,causing the firm to shut down in
1990. In early 1991, however, Metas was rescued, thanks to a 1985 decree
which obliges banks to bail out troubled companies. Creditor banks agreed to
restructureMetas' $68 million debt, convertingpart into equity and
reschedulingthe rest; the government is also injecting substantialnew
capital. As a result, Metas has resumed operations and even announced plans
for expansion.
Other major mini-mill producers have continued to perform well
and, despite setbacks, plans to inve'stin new equipment and technology
continue unabated. Borcelik (with capacity of 300,000 tons per year of cold
rolled products) and Cukurova (a strip mini-mill with 1.5 million tons
capacity, one of Turkey's largest)plan to diversify into flat products.
Cemtas is expanding capacity. In 1989, two new mini-mills (Ekincilerand
Cebitas) were established, increasingthe industry'sannual capacity by
750,000 tons.
With its almost total dependence on imported scrap, the Turkish
steel industry has evolved an unusual cooperativemethod for scrap import.
The Cukurova Group has a subsidiary specializingin scrap imports. Based in
New York, Equipment and Parts Export Inc. has a highly professionalstaff
dealing in scrap and demolitionvessel trading. It accesses worldwide markets
for scrap and is the third largest exporter of scrap from the United States.
Half of Turkey's scrap is imported through this company, supplying not just
the Cukurova mini-mill but also other steel producers.
Such arrangementsare not atypical of Turkey's close-knit steel
industry. Most Turkish mills are parts of large conglomeratesthat support
their activities, through purchases of manufacturedsteel or other
involvement. Furthermore,as in the United States, steelmakershave formed
trade associations to lobby for their own interests,such as lower electricity
rates. The associationsalso get more directly involved in production - for
example, coordinating the sharing of inputs produced by the state-owned
integratedmills. It is through such networks - within and between
corporations - that the industry has been able to thrive.
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APPENDIX C
Miai-Mill Steelmaking Technologies

C.

Parameters for a Benchmark Electric Arc Furnace

The 'benchmark'EAF is equipped with water-cooledpanels, an
industry-widenorm. After the scrap is charged into an empty furnace, the arc
melts a hole down through the scrap while using the remaining scrap charge to
shield the furnace walls from arc flare. Once the scrap is completely melted,
the refining and super heating begins. At this point the voltage is lowered
to reduce the arc length and consequentlythe power, to protect the walls and
roof from excessive radiant heat (Center for Metal Production 1987).
The parameters of a benchmark EAF are summarized in Table C.l. In
chapters 4 to 6, we retain the same furnace,but change its operating
parameters through the introductionof new technologies.
Table

Cl:

PARAMET1RS FOR BENCHMARK MODEL

EAF Parameters

Units

Furnace
size
The tap weight
Arc furnace tranaformer
ChA-reS per heat
Total
energy consumption
Charging loss time
Refining time (20-40 minutes)
Tapping
time (5-10 minutes)
Meltdown time
Tap-to-tap time

Source

Center for Metals

tons
tons
MVA
charges/heat
kWh
minutes
minutes
minutes
minutes
minute:

Parameters
150
150
90
2
500
10
25
10
68
113

Production 1087.

The reasons for choosing a 150-ton furnace as the benchmark are
discussed in the main text. The choice is consistentwith a widespread move
to upgrade the first generationof mini-mills, by replacing two or more
smaller furnaces with a larger furnace.
The scrap is fed into the EAF through a door, or an opened roof.
Ideally, the blend of scrap densities should be fed to the furnace in a single
operation while providing maximum protectionof the refractory walls. This is
seldom realized. Our model therefore assumes two charges are required during
each heating cycle.
Melting and refining a ton of cold scrap steel requires, theoretically, 330 kilowatt hours (kWh). The actual amount is greater due to thermal
and electrical losses (Ciotti & Pelfrey 1985). The "benchmark" furnace
therefore assumes that 500 kWh per ton of power consumption is required during
meltdown and refining.
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Charging loss time is assumed to be five minutes per charge.
Since the benchmark model has two charges per heat, the total time loss to
charging is ten minutes per heat.
The refining time for plain carbon steel is normally 20 to 40
minutes, depending upon the grade of scrap steel used and the final metallurgical requirement. The user can assign a longer refining period for
cheaper grades of scrap, to compensate for higher levels of impurities found
in the charge. The "benchmark"furnace assumes a rather high grade of scrap,
requiring a refining time of 25 minutes.
The tappin- time depends upon the tap weight and the tap design of
the furnace. The "benctLmark"
furnace time delay for tapping is assumed to be
10 minutes.
The tap-to-tap time (sometimes referred as the heat cycle) is
defined as the time lapse between tapping the furnace and the next tap. It is
used in determining the annual capacity of the benchmark mill, based on 7760
hours of operation per year. The annual capacity is used to allocate fixed
costs on a per-ton basis.
The tap-to-tap time can be written as:
tap-to-tap
time

-

charging
time

+

melting
time

+

refining
time

+

tapping
time

The charging time is the time period to transport and dump raw material in the
form of scrap metal, or other iron-bearing material, and additives into the
furnace prior to melting.
The melting time is the time period required to transform the charge material
into a liquid state.
The refining time is the time period of a melting cycle during which the
furnace charge is converted to molten metal.
The tapping time is the time period for emptying the molten steel from the
furnace into a ladle or continuous caster.

56 -

-

The melting time is determinedby the following equation:
melting time (minutes)

tap weight x kWh x 1.08 x 60
arc furnace transformer rating x 0.8 x 1000

where,
tap weight
kWh/ton

-

1.08

-

60
arc furnace transformer
0.8

150 tons (model parameter)
meltdown power consumption, 500 kWh
(model parameter)
yield factor due to presence of residual
elements in scrap and yield loss
hours to minute conversion
90 MVA (model parameter)
operating power factor due to thermal and
electricalequipment
power units conversion

-

-

1000

Source: Ciotti & Pelfrey 1985.
The annual capacity of the "benchmark'furnace is determined as
follows:
furnace size
capacity

60 minutes

-

x

hour

tap-to-tap time

7760 hours
x

year

The benchmark mini-mill facility can produce 620,800 tons of carbon steel per
year.
The model assumes a $100 million investmentis required to build
such a facility. The fixed costs of the investmentarise from three sources
(Table C.2).

T-blc C.2

SOURCES OF FIXED COSTS
(percent)

NIE

LOC

a
10

10
10

A

4

12
10
4

DC
Interest
rate
Depreciation rate
Maintenance rate

*

C.2

Maintenance expenditure per $100

of capital equipment,

Material Costs

The material costs section of the spreadsheet allows the user to
analyze the effect of variations in the price of scrap, fluxes, and alloys as
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they relate to the final cost of liquid steel, on a per ton basis (o:e
Table C.3).
Table C3:

Input

VARIABLE INPUTS

Input per ton
of liquid
carbon steel

Price of input (USS)
DC

PIE

LDC

Bnchmark FURNACE
Scrap (tons)
Fluz (ton)
Alloy (pound)
Refractory& panel (S/ton)
Othera (S/ton)
Electricity(kWh)
Electrodes (pounds)
Lance: oxygen (mcf)
Labor (manhours)

1.03
0.03
10.00
4.00
1.00

90.00
55.00
0.30
1.00
1.00

115.00
55.',0
0.30
1.00
1.00

115.00
55.00
0.30
1.00
1.00

500.00
7.50

0.03
1.25

0.050
1.25

0.080
1.25

0.32

3.00

3.00

3.00

0.64

21.00

5.00

3.00

3.00
0.04
4.00
4.00

3.00
0.04
4.00
4.00

3.00
0.04
4.00
4.00

1.25

1.25

1.25

ALTERNATIVEPRACTICES
Lance:

oxygen
corbon

orygen (mcf)
natural gas (mcf)
Aux, preheat natural gas
Burners:

1,13
20.00
0.36
0 18

1.06

The model assumes an average price of scrap of $90/ton in a DC,
and $115/ton in both an NIE and an LDC. The "benchmark"furnace requires 1.03
tons of scrap to produce one ton of liquid steel, resulting in a total scrap
cost of $92.70 per ton of liquid steel in a DC and $118.45 per ton in both an
NIE and an LDC. The scrap price for each country type was established from
informationwe gathered in 1988.
It is important to note, however, that the cheapest scrap does not
necessarily lead to the lowest steelmakingcost. Better grades of scrap have
fewer residual elements and therefore cost more. The residual elements
normally reduce the melting yield and increase the materials cost (scrap,
fluxes, alloys, etc.) because of the loss of iron into the slag and the
additional requirement for fluxes and alloys (Teoh (A) 1988). The model
compensates for this situation by allowing the user to allocate a higher
material unit requirement for scrap and fluxes when using cheaper grades.
Because the refining time is also longer for lower grades, the model allows
the user to assign a longer refiningperiod (refining range is 20 to 40
minutes).
The current cost of the necessary fluxes is $55/ton in a DC, and
assumed to be the same in both an NIE and an LDC. Flux is added to a charge
to promote dephosphorizationand desulfurizationof the metal, and to lower
the fusion temperatureof the slag. The "benchmark"furnace requires .03 tons
of flux to produce one ton of liquid steel, res lting in a total flux cost of
$1.65 per ton.
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The cost of the required alloys is currently $.30 per pound, and
is also assumed to be the same in each country type. Alloys are added to
steel for a variety of reasons: improvementin physical properties, cleanliness, grain refinement, recovery of valuable elements from slag, and corrosion
resistance. Since the "benchmark"furnace requires 10 pounds of alloys to
produce one ton of liquid steel, the cost for alloys is $3.00 per ton.
Also included in the material cost per ton is $1.00 for other
materials, such as cooling water and catalysts,and $4.00 for refractory and
panel material-liningloss.
C.3

Energy Costs

The energy costs section of the spreadsheetcovers the effect of
price variations for electricity,carbon, natural gas, and oxygen as they
relate to the final cost of liquid steel (see Table C.3). The benchmark model
uses an industry average power consumptionof 500 kWh per ton (I&SM 1988). Of
this amount, 450 kWh per ton is necessary for meltdown and refining of the
charge, while 10 and 40 kWh per ton energy losses are absorbed by water-cooled
panels and slag, gas, etc., respectively. The benchmark furnace requires 0.32
mcf per ton of oxygen to decarburize the steel. Lastly, 7.50 pounds of
electrodes are lost per ton of liquid steel produced. Note that the benchmark
furnace does not require additionalburners or auxiliary preheat, as these
inputs will be used later in the evaluation of alternative technologies.
In a DC the average cost for electricity is assumed to be $0.035
per kWh, though the price varied significantlywithin countries. The electricity cost in an NIE and an LDC is assumed to be $0.05 and $0.08 per kWh,
respectively. Electricityprices were established from information gathered
during our interviews in 1988.
In each country type the cost for oxygen is assumed to be $3.00
per mcf, while the cost for electrodes is $1.25 per pound. The "benchmark"
EAF requires 0.32 mcf of oxygen and 7.50 pounds of electrodes to produce one
ton of liquid steel. Therefore, the total cost of oxygen and electrodes is
$0.96 per ton and $9.38 per ton, respectively.
C.4

Labor Costs

Labor rate, in dollars per hour, should include salary, incentives, and any benefits paid. The "benchmark" furnace assumes that 0.64
manhours are required per ton of liquid steel. Given existing labor rates per
hour of $21.00 in a DC, $5.00 in an NIE, and $3.00 in an LDC, the total cost
of labor is $13.44, $3.20, and $1.92 per liquid ton, respectively. The labor
rate for each country type was established from informationgathered during
our interviews in 1988.
C.5

Oxygen-Fuel Burners

Oxy-fuel burners supply additionalenergy source for melting lowalloy and non-alloy scrap. Melting aids such as oxygen and extra burners are
unsuitable for high-alloy chrome-nickel,chromium, and manganese scrap, since
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the possible savings in time would be offset by loss of chromium or manganese.
Nor should oxygen be used to remelt low-carbon,high-alloy scrap (Plockinger&
Etterich 1985).
Oxy-fuel burners use natural gas, light oil or kerosene as fuels.
An oxygen-fuel burner system with a capacity of about 300 cf/min (500 m3/hour)
natural gas and 600 cf/min (1000 m3/hour) of oxygen used for 10 minutes at the
beginning of each charge in a 50-ton UHP furnace will save about 35 kWh/ton)
of oxygen (Center for Metal Production 1987).
In the case of kerosene, fuel is used at a rate of 6 to 10 1/ton
together with twice the volume of oxygen. The thermal efficiency is said to
be 60 to 70 percent, with a saving in electricityup to 70 kWh per ton
(Plockinger& Etterich 1985).
C.6

Oxvgen Lancing and Added Carbon (Foamy Slag Practice)

Mills use either consumable or water-cooledpermanent lances.
Consumable lances can be fed manually or mechanically into the bath. Watercooled lances use oxygen rates of up to 1200 cf/min (2000 m3/hour) with a
total consumption of up to 1280 cf/min (40 m3/hour).
Oxygen lancing with carbon as fuel is more efficient than the
oxygen-fuel burner alone in melting steel. Mills have cut heat times significantly by using oxygen and substantial amounts of extra carbon, either
injected into or supplied with the charged pig iron. For example, an extra
19.8 lb/ton of carbon and 353 cf/ton of oxygen has reduced electricity use by
about 45 kWh/ton (Center for Metal Production 1987). Oxygen lancing plays a
key role in foamy-slagging because it provides a controllable evolution of gas
to maintain the foam.
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