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EFFECTS OF DIRECT REDUCTION UPON MINERAL SUPPLY
REQUIREMENTS FOR IRON AND STEEL PRODUCTION

by

R. J. Leary! and G. M. Larwood !

ABSTRACT

The technologies of contemporary iron and steel production and of direct
reduction processes have been studied to identify and estimate the potential
effects of direct reduction on mineral consumption and the problems raised
thereby for the Nation's mineral supply to the iron and steel industry.

Contemporary patterns of mineral raw material and energy consumption were
determined from a study of the 1964-70 period. Major changes were observed in
requirements for 14 of 20 principal commodities, Average practice in 1970 was
compared to best practice to estimate the potential effects of implementing
existing technology without recourse to direct reduction.

Potential effects of direct reduction were estimated by comparing the
mineral requirements for 95 percent reduced pellets with 1970 best practice
technology for two cases of use: (I) complete substitution for hematite
pellets in blast furnace burdens, and (II) partial substitution (40 percent)
for scrap in electric furnace steel charges. Effects upon mineral supplies
are described; important collateral factors are analyzed, and the principal
metallurgical, industrial, and environmental consequences of implementing
direct reduction are discussed.

Major effects of direct reduction on the domestic steel industry and its
mineral supply system are foreseeable. Direct reduction will (1) create a
large demand for low-gangue iron ore; (2) relieve the dependence of the steel
industry on coking coal, and (3) permit great increases in furnace productiv-
ity, both in blast furnace ironmaking and electric arc furnace steelmaking.

INTRODUCTION

The quest for better allocation of mineral resources never ends. A more
efficient allocation, a better way, is signaled when a new process is adopted.
New technology alters the proportions of materials, labor, or capital required
for production. The usual result is a change in the mineral raw material and
energy supply needs of the industry and the Nation.

1Metallurgist.



A signal of change in the technology of iron reduction has been given by
the steel industry of the United States. Direct reduction processes are, for
the first time, being implemented by U.S. firms (21, 93, lgg).e Four plants
are building or in operation. Together they will supply nearly 2.2 million
tons per year of metallized pellets and briquets to steel furnaces.

The Bureau of Mines has a special concern for and sensitivity to the
issues for mineral supply raised by direct reduction. The Bureau is the
Nation's agency concerned with problems of mineral supply. It perceives that
change in the Nation's supply needs is an essential consequence of substitu-
tion, and that decisions are unlikely to be better than the foundation of
information and foresight.

This is especially true for problems arising in iron and steel. An
abundant and assured supply of steel is vital for the U.S. economy. Iron and
steel manufacturing is a principal consumer of minerals. The supplying of
ores, fuels, and fluxes to the iron and steel industry constitutes a large
segment of the mining industry.

This study compares the mineral raw material and energy supply needs of
contemporary iron and steel technology with an assumed future based on sub-
stitution of direct reduction for blast furnace reduction. The principles of
direct reduction and a description of prominent processes are presented in
Appendix A.

A four-stage comparison is developed, as follows: (1) Contemporary
trends in mineral consumption, analyzing the two types of technologic change--
improvements within a process, and substitution of one process for another;
(2) between the contemporary average and the best contemporary practice, to
measure the possibilities of further change in average usage based on the
technologic possibilities of existing processes; (3) between best contemporary
practice and direct reduction, the reduced iron being used entirely in blast
furnace burdens, and (4) between direct-reduced iron used in blast furnaces to
supply primarily basic oxygen process (BOP) steel furnaces and direct-reduced
iron consumed in electric-arc steel furnaces. The extreme case, complete
substitution by the new technology, is considered. Provision is made for
interpolation to reflect intermediate conditions and to relate the findings
to projections of future demands for iron. Effects on individual minerals are
considered. Collateral factors are discussed. The metallurgical, industrial,
and environmental consequences of direct reduction are identified and discussed.

ACKNOWLEDGMENT
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colleagues in private firms, trade associations, research groups, and the
Bureau of Mines is gratefully acknowledged.
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MINERAL RAW MATERIALS AND ENERGY CONSUMPTION
IN IRON AND STEELMAKING

Importance of Mineral Production and Trade

The iron and steel industry of the United States is a major consumer of
minerals. In 1967 the principal mineral raw materials and fuels consumed by
the iron and steel industry amounted to at least $4.7 billion, equivalent to
about one-sixth of the total value of minerals available for consumption® in
the United States that year (table 1). Principal items of consumption included
iron ore and agglomerates, $1,6 billion; ferrous scrap, $1.0 billion; coal for
coke, $0.9 billion; purchased fuel (and the fuel equivalent in purchased elec-
tric energy), $0.6 billion; fluxes $0.2 billion, and an additional $0.4 billion,
the estimated value of the minerals consumed in manufacturing the nonferrous
metals, ferroalloys, and refractories (table 2). Minerals amounted to one-
fourth the value of iron and steel shipments; $19.6 billion in 1967 (10).

TABLE 1. - Value of mineral production and trade, 1967-70

(Million dollars)

Item 1967 ;| 1968 | 1969 | 1970 1967 [ 1968 | 1969 | 1970
I U.S. production ’ Exports
All minerals........ | 23,734{24,971| 24,921] 29,802 1,013 1,026 | 1,099 1,558
Mineral fuels..... | 16,195{16,820|17,965|20,153 601 539 632| 1,011
All, except fuels. 7,539| 8,151 8,956| 9,637 412 487 467 547
MetalsS.eeeusn.ns 2,333 2,703| 3,332 3,926 171 241 246 322
Iron orel....... 818 836 929 942 72 71 62 68
Imports Apparent U.S. supply

All minerals........ 2,820 2,960; 3,014 3,270| 25,541|26,905|26,836|31,514
Mineral fuels..... 1,289| 1,309 1,428 1,460 16,883|17,590(18,761{20,602
All, except fuels. 1,531} 1,651} 1,586| 1,810 8,658( 9,315(10,075}10,900
MetalSeeseeen.. . 1,117| 1,161} 1,094} 1,252 3,279| 3,623 4,180| 4,856
Iromn OT€esevoso. 444 454 403 479 1,190 1,219| 1,270} 1,353

1Iron ore shipments,
Source: Bureau of Mines Minerals Yearbook.

Consumption Trends

Contemporary trends in mineral consumption provide the perspective for
analyzing the effects of direct reduction. Short-term consumption statistics
can be distorted by inventory differences; in the longer term, however, con-
sumption data measure mineral raw material and energy requirements. Aggregate
statistics sum up the tasks and issues of mineral supply to be faced by the
industry and by Government as well.

SAvailable for consumption = U.S. production less exports plus imports.



TABLE 2. - Value of principal minerals and energy consumed

in iron and steel, 1967

(Million dollars)

Blast Foundries
furnaces Iron Total
and steel | Gray | Malle- | Steel
mills able
PRINCIPAL MINERAL MATERIALS o
Coal used in coke.ie....... tece e asees 879.8 - - - 879.8
Iron OF@evvvevennrrsos ceocsessscees..| 1,596.6 - - - 1,596,6
Iron and steel purchased scrap....... 730.1 | 209.3| 24.5 |55.3 |1,019.2
Nonferrous metals and alloys......... 315.4 10.7 1.2 2.7 330.0
Ferroalloys...o.ouev.u... cesecacssannas 446.9 46,0 8.9 24,7 526.5
RefractorieS.svieessvesccsvscocncennns 202.9 33.3 5.2 213 262,7
Fluxes.......... fre et raceeen teseseen 169.6 - - - 169.6
Total of pr1nc1pa1 mineral
Mmaterials ... veeveneeenernannos - - - - 4,784 .4
Total consumption of materials,
containers and supplies........... . - - - - 8,419,5
PURCHASED FUELS AND ELECTRIC ENERGY
Coal (anthracite, bituminous and
lignite).sverieieneonnersnnooeronnn 40,0 1.6 2,1 1.0 44,7
Coke, screenings, and breeze....eeee. 170.7 42,3 4.8 0.5 218.3
Fuel o0il, total........ teracaan cesans 102.5 1.7 0.7 2,7 107.6
Gas, total........... coesennas ceerenn 270.9 13.9 4,4 10.8 300.0
Other fuelsS...iveineinirrrnnnnencanns 41.8 11.2 0.7 1.8 55.5
Gross consumptioN.e.cseeeseccasss . - - - - 726.1
Less: Value of coke, coke oven gas,
and blast furnace gas consumed... -458.7
Net purchased fuels,........ ceiae - - - - 267.4
Purchased electricity.vveveencsocncas 293,8 32,0 7.7 26,2 359.7
Net purchased fuels and electric
ENEYEYeeernran. o e s st ene e cevee - ~ - - 627.1
Total consumption:
Principal mineral materials....... - - - - 4,784 .4
Net purchased fuel and electric
CNEY B s eansostooaessoneoncnns cavs - - - - 627.1
5,411.5
Total energy used for heat and power
(billion kw hr equivalent)........ ' e 279.6 27.9 6.5 11.4 325.4

Source: Census of Manufactures 1967 (7, 9).

Limits of Coverage

Only the mineral requirements likely to be affected by direct reduction
are included in this study. Minerals consumed in iron mining and associated
beneficiation and agglomerating plants were not included because the trend to
pelletizing seems likely to go to completion regardless of whether direct
reduction is adopted. Ferroalloys and nonferrous metals and alloys were



excluded because consumption would be independent of the reduction process.
Minerals consumed subsequent to raw steel production also were excluded.
Refractories were considered but were excluded because the statistics of
refractories consumption were not sufficiently disaggregated to be useful.

The 1964-70 Period

The time period 1964-70 was selected to represent contemporary trends.
Shipments from U.S. producers were remarkably stable despite great changes in
market size and in technology. With regard to market size, in 1964 the demand
for steel products in the U.S. economy surged upward to 137 million tons raw
steel equivalent,4 more than 10 million tons ahead cf any previous year.
Growth has continued since, the market reaching 162 million tons in 1969,

With regard to new technology, a generation of investment in research and
development had accumulated a great reserve. This pattern of market growth
coincided with a harvesting of technology to energize a wave of capital
investment in steel for new and better methods of production; it also remotely
set the stage for the contemporary interest in direct reduction. The market
for domestic products remained essentially static because imports captured
most of the growth in demand. Domestic shipments grew only 5 percent from
1964 to 1970 (table 3).

Differences in mineral consumption express the net result of three cate-
gories of change--growth of shipments; inventory difference, and technologic
change. A growth of 5 percent would be expected, to keep pace with domestic
shipments., Since allowance for inventory differences between any 2 years
might be as much as 2 to 3 weeks consumption, say 5 percent, three times that
quantity, 15 percent, was selected as the criterion of a major change in
technologic requirements. The measure of a major gain from technologic change
would be an increase of 20 percent or more in consumption, that is, 5 percent
to reflect growth proportional to shipments, plus 15 percent, the measure of
major change. A major decline in consumption would be at least minus 10 per-
cent or more (+5, -15).

A major change in consumption was experienced in 14 of the 20 principal
minerals between 1964 and 1970. The prevalence of major change in the needs
for minerals signaled intemse currents of substitution at work, It meant that
comparisons of mineral requirements between contemporary technology and direct
reduction have to be comprehended in the light of the contemporary trends and
the datum year selected for the comparison. Although the 1964 and 1970
statistics in table 3 are accurate cross-sectional representations of mineral
supply needs at those two points in time, the inferences to be drawn from the
respective years would be quite different. For comparison with direct
reduction the trends in iron and steel production have to be examined.

4Demand is taken to be the sum of shipments by U.S. producers plus imports,
Raw steel equivalent measures the total steelmaking activity, domestic
and foreign, required to supply this demand. Imports are assumed to be
produced from raw steel at the same yield experienced by U.S. producers.
(See table B-4.)



TABLE 3. - Mineral raw materials and energy consumed in making iron
affd steel in the United States, and product shipments,
1964 and 1970

Year Difference,
1964 1970 | 1970 minus 1964"
Quantity | Percent
CONSUMPTION
Ferrous inputs:
Ore, iron...... eese..million short tons.. 59.0 | 41.1 -17.9 -30.4
Ore, MaNganese.c.seeseceasosss edOvicocnnees .1 .1 .1 102.0
Ore, total...couvuunn ceesnnsa dOvesenceaans 59.0 | 4l1.2 -17.9 -30.2
PelletSeeeeeeeeenonescosseeesdOecveenensn 30.7 1 62.1 31.4 102.0
Sinter and others.....eveeeeedOeccscscess 56.2 47.8 -8.4 -14,9
Total agglomerateS..ceeeees. I« o 86.9 | 109.9 23.0 26.5
Less: flue dust recovered.,..d0...eees... De2 3.4 -1.8 -34,2
Net ore and agglomerates.....d0....eee... | 140.7 | 147.7 6.9 4.9
Iron and steel scrap....ec..ed0cuveennees 31.8 33.0 1,2 3.9
Fuels and energy:
Coal, bituminouS...eeveveeveeelOeecoroceas 88.8 96.0 7.3 8.2
Coal, anthracit@..ieeececeseeeadOeennasnsns 1,5 .9 -.6 -37.8
Coal, total.isieeeeeeeoevenoessodOeecennnnons 90.3 97.0 6.7 7.4
CokeoverenanoerassensasnasasalOeeneennens 59.9 | 64.2 4.3 7.2
Natural gas®...e.eceeeses.billion cu ft.. 156.2 | 112,6 -43,7 -28.0
Fuel 0il®.....v0000ee...million gallons.. | 1,068,0 | 582,7 -485.6 -45.,5
Purchased electric power2®..billion kwhr.. 8.7 12,6 3.9 45,2
Byproduct fuels:?®
Coke breeze........million short tonms.. 2,7 2.3 ~.4b -16.3
Tar and pitch.eess....million gallons.. 280.8 | 219.4 -61l.4 -21.9
Coke-oven gas.......ss..billion cu ft,. 413.6 | 456.4 42,8 10.3
Blast furnace gas....s.trillion cu ft... 2.4 2.8 A 16.9
Fluxes:?
Limestone...sssss.0s.million short toms.. 29,6 | 25.3 ~4,2 14,4
Limesseereensaceonennnn eceseedOeeieirannn 2.4 5.9 3.5 143.9
FluorsSpar.eesecsssesisscecseeedO0eenecsnsse .3 .6 .3 82,0
OXYgeN®..ivvevecessssssoenesosbillion cu ft,, 99.5 ] 199.,7 100.2 { 100.7
PRIMARY METAL PRODUCT SHIPMENTS
Total iron and steel...million short tons.. 102.1 | 107.3 5.2 5.1

1Totals may not add owing to rounding. Percentages calculated from detailed
statistics,

2Blast furnace and steel plants. Statistics on foundry industries consumption
not available,

Source: Appendix tables B-3, B-8, and B-16-B-31,



Industrial Shares of Production Unchanged

The near-constant flow of product shipments in the 1964-70 period was
matched by the flow proportions contributed by the four primary industries,
The industry shipped 108 million tons per year on the average, divided about
83 percent in steel mill products, 14 percent in gray iron castings, 1 percent
in malleable castings, and 2 percent in steel castings (table B-3). This dis-
tribution has remained essentially unchanged for nearly 20 years, Thus the
industrial makeup of iron and steel production provides no clue to the shifting
movements in mineral consumption.

Constant Proportions of Pig Iron and Scrap

In the aggregate there has been no substitution of pig iron for purchased
iron and steel scrap. New iron minerals, smelted into pig iron, constituted
about 73 percent of the total iron supply in both 1964 and 1970 (table B-8).
Recycled iron, in purchased iron and steel scrap, provided the balance., The
1964~70 average was 72.5 percent, a proportion that has been maintained since
the 1950's. Essentially there are two operations involved--one for smelting
iron ore, the other for melting and refining iron and steel., About 99 percent
of iron ore smelting is performed in blast furnaces; thus it can be said that
blast furnace smelting of pig iron has contributed a steady 73 percent share of
the total iron supply to an essentially steady flow of iron and steel products.
The explanations of mineral consumption trends are to be found separately in
the processes for iromn ore smelting and iron and steel melting and refining.

Blast Furnace Smelting

Six of the nine major declines in minerals consumption between 1964 and

1970 (table 3) occurred in the blast furnace and its subsidiary processes for
ore and coke preparation. Consumption in the blast furnace of iron ore,
sinter, flue dust, anthracite, coke breeze, and limestone (including dolomite)
decreased in that order during the period. Of the five major gains in miner-
als consumption, one occurred in the blast furnace--pellets, The currents of
technologic change in mineral consumption are revealed by the trends of
mineral usage per unit of pig iron production (tables 4-6).

Ferrous Inputs

Total usage of ferrous inputs per ton of pig iron produced remained
unchanged from 1964 to 1970 but the shares contributed by iron ore and agglom-
erates changed greatly. Iron ore use tumbled from 36 percent of gross ferrous
inputs in 1964 to 25 percent in 1970. Pellet usage spurted from 22 percent to
42 percent. Sinter usage slipped from 40 percent in 1964 to 31 percent in
1970.%5 These trends away from ores and toward manufactured agglomerates have
been underway since 1950 or so; further substitution is inevitable on the
basis of announced plans for increased agglomerate production (25). Sinter

®Flue dust byproduct (including sludge) was netted out of tables 4-6 (this
byproduct is sintered and recharged); however, flue dust production dropped
from 122 pounds per ton of'pig iron in 1964 to 75 pounds in 1970, primarily
from substitution of agglomerates for natural ore.



led the way, but after 1957 the industry preferred pellets.
sintexr usage was 1962 and its trend has been downward since.

essentially all of the expanded capacity for agglomerate production.

TABLE 4, - Ferrous inputs in pig iron production, 1964-70

(Pounds per short ton pig iron)

The peak year for
Pelletswill provide

Total ore and { Iron
Year Iron | Manganese Agglomerates agglomerates and
ore ore Pellets | Sinter | Other | Total | Gross | Net of | steel
; fluxes!| scrap
1964.,} 1,186 1 - 698 1,287 13 1,998 | 3,185 3,092 113
1965..} 1,131 3 785 1,201 20 2,006 | 3,140 | 3,049 115
1966,, | 1,048 2 908 | 1,195 21 2,124 | 3,174 | 3,070 114
1967.. 975 3 999 1,187 41 2,227 { 3,205 | 3,096 109
1968, . 985 2 1,143 | 1,121 43 2,307 | 3,294 | 3,179 96
1969, . 896 2 1,231 § 1,051 33 2,315 {3,213 | 3,102 101
1970,. 835 2 1,346 1,004 34 2,384 {3,221 | 3,111 116
1Flux used in agglomerate plants adjusted for calcination.
Source: Appendix tables B-9 and B-16,
TABLE 5. - Fuel usage in pig iron production, 1964-70)
(Quantities per short ton pig iron)
Year: Coke, Breeze, Total, Natural gas, Fuel oil,
pounds pounds pounds } cubic feet gallons
1964...:i000ueeee} 1,310 63 1,373 453 0.5
1965.....0... «o| 1,313 55 1,368 529 .6
1966,...... cesse| 1,273 54 1,327 563 .6
19670 ceeecvenee 1,263 53 1,316 509 .8
1968....00000uvs 1,248 51 1,299 524 .9
1969...... eeeees| 1,253 48 1,301 467 1.2
1970.... cees} 1,260 50 1,310 486 1,6
Source: Appendix tables B-20 through B-23.
TABLE 6. - Flux usage in pig iron production, 1964-70
(Pounds per short ton pig iron)
In In blast Calcined flux Oxygen,
Year agglomerates furnaces Total in sinter, cubic feet
, percent
1964....... 155 393 548 7.2 104
1965....... 151 407 558 7.6 108
1966.,...... 173 363 536 8.7 99
1967¢ceuens 182 332 514 9.2 100
1968....... 192 290 482 10.3 75
1969....... 185 303 488 10.6 96
197000 c0.ee 184 308 492 11,0 148
Source: Appendix tables B-28 through B-31.



Fuels

The 1964-70 period was one of slow improvement in fuel usage. Coke usage
improved between 1964 and 1967 in continuation of a strong downward trend that
had started in 1950. Beginning in 1960, natural gas and fuel o0il had been
adopted as supplemental fuels injected through the tuyeres wherever economical
(34); together they accounted for the equivalent of 21 pounds of coke per ton
of pig iron by 1964, and 29 pounds in 1970. On an equivalent coke basis,
average fuel usage in blast furnaces declined from 1,331 pounds in 1964 to
1,289 pounds in 1970. The improvement has been a consequence of improved
burden quality and better furnace technology. The principal technical
improvement since 1964 has been higher blast temperature accompanied by
increased injection of moisture for maximum productivity.

Fluxes

Total usage declined about 10 percent from 1964 to 1970. The lessened
requirement for limestone (and dolomite) reflected higher grade ores, more
agglomerates, and lower coke rates. Raw flux usage directly in blast furnaces
dropped even more, The difference was made up by the increased use of raw
flux in sinter making. During the years of the study period, the steel plants
having sintering lines increased the average flux content of sinter by more
than one-half, from 7 percent flu¥® in 1964 to 11 percent in 1970, and thereby
cut back the heat-consuming flux calcination load upon their blast furnaces.

Summary

Materials substitution was the principal force of change in 1964-70.
Improvements in furnace technology were a secondary factor. Both movements
continue. 1In this shifting scene the latest year is the best estimate of
contemporary best practice.

Melting and Refining

Upheavals in mineral consumption also have been experienced in the melt-
ing and refining stage. Three of the nine major declines (table 3) occurred
in natural gas, fuel oil, and tar and pitch; four of the five major gains
included purchased electric power, lime, fluorspar, and oxygen. If melting
and refining was performed by only one process, similar to the case of iron
smelting, these changes in mineral consumption would be viewed likewise as
results of mineral substitution or other techmologic change. However, there
are four important processes in use for melting and refining--basic oxygen
process (BOP), cupola, electric furnace (EF), and open hearth. Their exist-
ence raises the possibility that the substitution of one process technology

for another has been the primary source of these changes in aggregate mineral
requirements, ‘

®Calcined weight basis,
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Iron-Scrap Ratio Constant

Melting and refining furnaces accounted for 94 percent of the consumption
of pig iron and 94 percent of iron and steel scrap. Overall, these furnaces
subsisted on net inputs of 73 percent new metal (pig iron) and 27 percent
secondary metal (purchased iron and steel scrap). These operations also
generated ferrous waste, termed "home" scrap. This material is recycled in-
plant; it has no significance for the overall mineral supply picture, but it
has to be considered because it displaces purchased scrap in supplying the
characteristic scrap requirements of the melting and refining processes.

The total quantity of metallics consumed in all melting and refining furnaces
was supplied in almost equal shares by pig iron (49 percent) and all kinds of
scrap (51 percent, table B-9).

The constancy of pig and scrap proportions in the charges also extended
generally to the steel melting processes. Pig iron constituted about 70 per-
cent of the charge in basic oxygen converters, 58 percent in open hearths, and
2 percent in electric furnaces from 1964 to 1970 (table B-10). 1In terms of
net input, pig iron consistently contributed 77 percent of the ferrous metal-
lics consumed per unit of steel mill product shipments (table B-11).7

Substitution of Processes

Beneath these indications of stability in pig iron and scrap consumption
patterns there has been a tide of process substitution. In the steel mills
the open hearth process was still dominant in 1964, consuming 73 percent of
the total metallics (table B-12). By 1970, more than half of the 1964 open
hearth consumption had been displaced, principally by the BOP process.
Currents of substitution likewise were strong in the foundry industries.

Iron foundries continued to use cupolas for about 80 percent of the meltings
but air furnaces were displaced by electrics. Steel foundries continued to
phase out open hearths and air furnaces and replaced them with electrics.

Fuels

Melting and refining processes for iron and steel differ primarily in
their use of fuels. The statistics show the effects of process substitution
on fuel usage (table 7). Fossil fuel consumption in steel melting furnaces
declined from 1964 to 1970, apparently in correspondence to the decline in
open hearth production (usage was equivalent to 3.4 million Btu per ton open
hearth steel throughout the 1964-70 period)., Electric power requirements for
melting and refining constituted about one-third of the growth in purchased
power in steel plants; the strong growth of electric furnace steelmaking is
reflected in the aggregate usage of electric power for this purpose--from
68 kwhr per ton of raw steel in 1964 to 96 kwhr in 1970. Coke is consumed by
foundries principally in cupolas; its usage remained stable at 390 pounds per
ton of iron casting shipments. To summarize, the changes in fuel consumption

7Foundry practice has been altered to use less pig iron but the effect has
slight significance in the aggregate. Utilization of pig iron per unit of
castings shipments from iron foundries declined from 23 percent to 19 per-
cent (table B-11).



11

TABLE 7. - Fuel usage in iron and steel melting and refining, 1964-70
In steel melting furnaces, quantity per short ton In foundries
total raw steel Coke consumed,
Fuel |Natural]Tar and|[Coke-oven|Fossil fuel,|Purchased pounds per
Year oil, gas, pitch, gas, calorific electric short ton iron
gallons| cubic |gallons cubic value, power, castings
feet feet million Btu kw hr shipments
1964 7.9 850 2.2 600 2,67 68 387
1965 6.8 800 2.4 550 2,46 71 378
1966 5.4 720 2.2 410 2.07 74 385
1967 4,5 680 2.0 260 1.79 80 398
1968 4,2 780 1.7 250 1.79 85 392
1969 3.6 650 1.5 210 1.52 87 389
1970 3.2 440 1.4 170 1,22 96 424
Source: Appendix tables B-20 through B-27.
TABLE 8. - Flux usage in steel melting furnaces, 1964-70
(Pounds per short ton raw steel)
Limestone Lime Fluorspar Lime equivalent?
Year | OH | BOP|Elec-[All OH!BOP Elec~-| A11 | OH|{BOP|[Elec~|All | OH | BOP[Elec-] All
tric : tric tric tric
1964 | 114f 12| 14 90 | 19 146| 58 381 3| 12 8 51 87 [ 153] 66 92
1965 | 106 71 16 79| 20[139] 56 441 3| 12 8 5| 84 | 143] 66 91
1966 | 116] 4§ 16 76 | 19,135] 52 52| 41 12 8 6|89 |137] 62 98
1967 83 18| 16 54 | 18|145| 54 64 4} 12 7 7168 |156| 64 96
1968 80| 16 13 48 1 19|144] 55 701 31 13 8 7167 {154] 63 99
1969 86| 15f 12 45} 191152y 57 81| 4{ 13 7 81 71 {161 64 108
1970, 85 14| 14 401 18j153] 61 90 | A 12 9 8169|1611 69 114

1Lime usage plus 60 percent

of limestone usage.

Source: Appendix tables B-28 through B-30.
TABLE 9. - Oxidizer usage in steel melting furnaces, 1964-70

Oxygen, by process, cubic feet per Ores and agglomerates, pounds per
Year short ton raw steel short ton total raw steel

OH B0OP Electric All QOres Pellets Other Total
1964 586 1,944 203 713 129 14 9 152
1965 621 1,864 207 794 102 11 10 123
1966 736 1,853 212 960 83 10 8 101
1967 826 1,900 222 1,104 65 9 6 80
1968 838 1,779 545 1,150 59 10 6 75
1969 964 1,895 524 1,298 43 9 5 57
1970 1,075 1,900 704 1,416 44 9 5 58
Source: Appendix tables B-16 and B-31.
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have been substantially those associated with process substitution. The
large-scale retirement of open-hearths has diminished the needs for fossil
fuels; the growth of EF steelmaking has increased the need for electric power,

Fluxes

Melting and refining processes consume fluxes in highly characteristic
combinations. Limestone, lime, and fluorspar are the principal fluxes used in
steelmelting furnaces, the only operation for which we have any statistics.
Limestone usage declined with the fortunes of the open hearth (table 8). Lime
usage followed the growth of BOP and electric furnace processes. Fluorspar
consumption followed the same course as lime.

Oxygen

Usage in steel furnaces doubled between 1964 and 1970, mainly from
increased BOP steelmaking (table 9).

Ore and Agglomerates

Ore and agglomerates are used in steelmaking primarily as slag-forming
materials. 1In steel processes, especially open hearths, usage has been
declining (table 9).

Summary

Aggregate mineral raw material and energy requirements for melting and
refining iron and steel products underwent major change between 1964 and 1970
primarily in response to substitution of steelmaking processes. Improvements
in the technology of the various processes exerted only minor effects on
aggregate usage of mineral raw materials and energy.

CONTEMPORARY PRACTICES COMPARED--AVERAGE VERSUS BEST

In a progressing technology, such as pig iron smelting, the average usage
(tables 4-6) necessarily lags the leaders. Where substitution of mature pro-
cesses is involved, such as in steel melting and refining, the average usage
(tables 7-9) becomes meaningless for it is merely the sum of the weighted
process consumptions in their proportions to total production.

In the light of the trends revealed in the preceding section, estimates
of mineral raw material and energy requirements have been assembled to repre-
sent 1970 average and best contemporary practice usage (table 10-11). The
differences measure the possibility and magnitude of improvement in mineral
supply needs merely by replacing old inefficient facilities with those
corresponding to today's best. The best practice estimates also provide a
vardstick for comparing the prospective effects of direct reduction.
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TABLE 10. - Mineral usage in contemporary pig iron smelting,

average and best, 1970

1970 Difference,
Average Best best - average
Quantity Percent
Ferrous inputs:
Ores and agglomerates:
1 Y oF - 1 .1lb.., 3,147 - - -
Less, calcined flux.e..ooovo..n.. .do.. 107 - - -
| = i eres.aedo., 3,040 2,900 -140 -5
Iron and steel scrap........ ...do.. 116 None -116 -
Mineral fuels:
Cokesuvunnn et e e . ...do.. 1,260 1,100 -160 ~-13
Natural ga4S....v0cecve-s..00a.scu ft.., 486 ¢) -486 -
Fuel oil..veevunenn.. cesesnassseegal., 1.6 ) -1.6 -
Fluxes:
LimesStonee.ev e ioereonennss ceevesealb., } 496 f 185 } -61 -12
DOLOMIEC. v uvenenrvnnnnnenseenessodon, 1 250
OXYEZENaeoeruearoaavsansovonnne-oscl ft.. 148 None -148 -
1May be substituted for a portion of coke.
TABLE 11. - Mineral usage in best contemporary steel melting
and refining, 1970
Process
Basic oxygen Electric
converter furnace
Ferrous inputs:
o = I of o) wt pct.. 70 2
Scrap....... ettt es e do.. 30 98
Fuel:
Electric power.e...vvuvuuen... «sokwhr, . - 450
Fluxes:
Lime.ev.wevunn. .. e ns e .. 1b.. 150 57
Fluorspar.......... Y« [s 12 9
OXygeN., . vvsvs v tnannnnas ... .e..0cu ft,, 1,900 -

Pig Iron Smelting

The criterion of contemporary best practice is minimum fuel consumption,
modern pellet burden, 1,900° F blast temperature, and 20 grains of moisture

per cubic foot of blast.

In terms of 1970 technology the mineral usage per

net ton of pig iron totals 2,900 pounds of pellets (65 percent iron, 5,5 per-
cent silica, 0.5 percent alumina, all dry basis); 1,100 pounds of coke
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(9 percent ash) or the equivalent in tuyere-injected supplements; 185 pounds
of limestone, and 250 pounds of dolomite. This practice is reasonably typical
of the six large blast furnaces (larger than 32 feet hearth diameter) in the
United States and Canada. Local conditions and economics may dictate the
substitution of some coke by fluid fuels, or other combinations of moisture
and blast heat.

The fluid fuel used in 1970 was equivalent to about 30 pounds of coke,
giving an equivalent coke rate of 1,290 pounds per ton of pig iron. Thus the
best practice would be, overall, 190 pounds better, about 15 percent. Average
1970 coke rate could be improved by about 66 pounds per ton of pig iron by
substituting agglomerates equivalent to modern pellet burden. The remaining
potential for improvement in coke rate, 124 pounds (about 10 percent), repre-
sents the limit of gain from investments in replacing old furnaces and
technologies with new.

It is worth pointing out that coke rate improvement carries with it a
promise of increased production. Blast furnaces are primarily coke burners
of limited capacity. An improvement of 66 pounds in coke rate, about 5 per-
cent, would provide an increment of productive capacity equivalent to the
growth of demand over the past 6 years. A coke rate improvement of 10 percent
would connote an 11 percent gain in production per day from the same through-
put consumption of coke. Whether output can be better augmented by adopting
all-agglomerate burdens, or by investing in direct reduction kilns, is an
issue that will vex nearly all steel plants in the years ahead.

Melting and Refining

What constitutes best practice for iron and steel producing is, for this
level of discussion, very near to usual practice in BOP furnaces and high-
powered electric arc furnaces for steelmaking. Foundry processes are not
considered further in this report because the prevailing opinion is that
foundry markets for metallized pellets are too small in scale and too dis-
persed in location to influence investments in direct reduction plants for
some years ahead,.

The ratio of pig iron to purchased scrap used for steelmaking (73:27)
connotes a 3 to 1 sharing of raw steel production between the BOP and EF
methods (assuming furnace yields of 87 and 94 percent, respectively, and
67 percent yield of shipments from raw steel). It suggests that further
replacement of open hearths will be by combinations of BOP and EF plants
which in the aggregate will maintain the present 3:1 ratio.

DIRECT REDUCTION

The term ''direct reduction" refers to any reduction process other than
the blast furnace for chemically reducing iron ores and agglomerates to metal,
Domestic interest in direct reduction is confined to solid state processes,
They yield a product which reflects the form and composition of the feedstocks
(ore or pellets) and no refining or gangue separation occurs, In fact, reduc-
tion concentrates the gangue content of the product in proportion to the
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increased concentration of iron; a high degree of reduction concentrates
gangue by about one-half.

There are three basic types of reactors used in direct reduction
processes:

(1) Rotary kiln, using solid and liquid or gaseous reductant,
(2) wvertical shaft, using gaseous reductant,
and (3) fluidized bed, using gaseous reductant.

Energy requirements per ton of reduced iron product range from 13 to 15 million
Btu for rotary kilns, 12.5 to 19 million Btu for shaft furnaces, to 15.5 to

16 million Btu for fluidized bed reactors. For the purpose of this report a
representative figure is adequate: 14 million Btu per short ton of iron in a
product 95 percent reduced. A description of direct reduction principles and
the prominent processes is presented in Appendix A.

COMPARATIVE MINERAL CONSUMPTION FROM DIRECT
REDUCTION IN STEEL PLANTS

This section compares the raw materials requirements for iron smelting
and for steel melting and refining by present practices with two cases that
might be expected to result from implementation of direct reduction in steel
plants. The arrangement provides a basis for determining the potential impact
of direct reduction on mineral supply requirements, The two cases are as
follows:

I. Substitution of direct reduction for blast furnace reduction, the
metallized pellet being used to make pig iron; and

II. Direct-reduced iron substituted for scrap in electric arc steel-
making furnaces.,

The comparisons are then related to the projected demand for iron.

The only basic raw material requirement for direct reduction of iron
minerals is fossil fuel, about 14 million Btu per net ton of iron in a product
95 percent reduced. Natural gas has been the only fuel used thus far in
direct reduction plants of U.S. producers; for these comparisons it is taken
as the reductant and fuel source (1,000 Btu per cubic foot).

CASE I. Substitution Entirely in Blast Furnace Burden

This, the simplest case, involves the substitution of metallized pellets
for hematite pellets in the blast furnace burden. It is not hypothetical.
The use of metallized pellets has been thoroughly investigated in experimental
blast furnaces in both the United States (81, 97, 115) and Japan (52), and
these results have been confirmed in full-size furnace operations (52, 98).
Experiments have ranged up to 80 percent prereduction.



16

Effects on Blast Furnace Operation

Metallized ores and agglomerates increage the output of the blast furnace
in proportion to the use of reduced material in the burden., Experiments with
SL/RN highly reduced pellets (about 93 percent) showed consistent gains in
productivity and declines in coke rate and slag volume. For example, a burden
79 percent prereduced composed of hematite pellets (15 percent of the burden)
and SL/RN highly reduced pellets (the remaining 85 percent of the burden)
resulted in a 47-percent lower coke rate and a 75-percent gain in pig iron
productivity compared to a base burden of Carol pellets (5.5 percent SiO,;

0.4 percent Al,0,) (115).

For the purpose of the Case I comparison, the iron ore input is assumed
to be '"best practice,'" that is, bonded hematite pellets analyzing 65 percent
iron and 6 percent gangue (silica plus alumina), all on the dry basis. This
composition is typical of pellet production from modern plants in the United
States and Canada. In 1970, 58 percent of total pellet shipments from U.S.
and Canadian plants met or surpassed this criterion.

The complete substitution of pellets, 95 percent reduced, is expected
to cut the coke rate by at least 50 percent--550 pounds of coke per ton of
pig iron produced, compared to best contemporary practice (table 10). The
diminished usage of coke also would cut the input of coke ash in proportion,
save 85 pounds raw flux, and, in turn, result in about 100 pounds less of
slag byproduct, all per ton of pig iron. A much larger gain in furnace
productivity would result. Assuming a constant daily coke consumption, the
50:-percent cut in coke rate would suggest about a 100-percent gain in
productivity, The experiments referred to above experienced a gain of at
least 75 percent in productivity from 79-percent prereduced burden. For this
report a conservative estimate was taken--75 percent gain in productivity from
the complete substitution of 95 percent reduced pellets.

The total energy budget per ton of pig iron produced in increased by the
fuel expended in direct reduction, but a portion is recovered in the savings
of blast furnace coke. The iron contained in a ton of pig iron is 0.93 ton
on the average; assuming no losses of iron, the fuel usage attributable to
direct reduction would be 14 x 0.93 = 13,02 million Btu per ton of pig iron,
assuming 95 percent reduction.

Comparative Mineral Consumption
Iron Ores

The quantity of iron units for Case I would remain unchanged because
the yield of pig iron from ore is about the same. However, the quantity of
ferrous materials needed would decrease substantially by passing from 1970
average to best practice, 20.5 million tons less in terms of 1970 consumption.
The quality of iron ore supply will be assured merely by continuing the trend
toward all-agglomerate burdens. Locations of ore sources likely would not
change much from the present supply network. The location of direct reduction
plants would depend on fuel availability and price.
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Raw Flux and Blast Furnace Slag

Metallized burdens would diminish the usage of flux and the production
of slag. Compared to best contemporary practice, flux usage would decrease
by 85 pounds and slag production would be curtailed by 100 pounds, both per
net ton of pig iron (table 12). Each would be a change of 20 percent.

TABLE 12, - Case 1. Comparative usage of mineral raw materials and energy

(Quantity per short ton pig iron)

Direct Best practice
Mineral raw material reduction, blast furnace Difference
then blast reduction
!furnace use
Natural gas........e.......0cu £, 13,020 NAp +13,020
0o = U 1b., 550 1,100 -550
Raw flux.............. ceeseeesedo., 350 435 -85
Slag (production)...eeecee... ..do.. (400) (500) (-100)
Blast furnace productivity
<45 5 o H N ecessessesspct.,. [Mcre than 75 - More than 75

NAp - Not applicable,.

The sécond comparison is between 1970 average practice and best practice
(table 10). Average flux usage in 1970 was 61 pounds more than best practice,
an amount equivalent to about 72 pounds of slag production, both per ton of
pig iron,

The third comparison is between 1970 average practice and direct reduc-
tion. Average Ilux usage for pig iron smelting in 1970 totaled 496 pounds
per ton of pig iron (table 10), 61 pounds greater than the usage in best
practice and 146 pounds greater than the estimated usage for complete sub-
stitution of metallized burdens 95 percent reduced. By comparison to the
1970 average, the need for flux would be diminished 12 percent by going to
best practice and an additional 17 percent by going further, to the complete
substitution of metallized burden 95 percent reduced. Slag production would
be curtailed in the same proportions,

In terms of 1970 pig iron consumption, 90 million tons (table B-8), the
changes in flux consumption and slag production from complete substitution
of metallized pellets 95 percent reduced are as follows:

(a) Compared to best practice,
-3,8 million tons flux consumed, and
-4.4 million tons blast furnace slag produced;

and (b) compared to 1970 average practice,
-6.6 million tons flux consumed, and
-7.7 million toms blast furnace slag produced.
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These simple relations of blast furnace technology have complicated
implications for mineral supply. The raw fluxes consumed are selected lime-
stones and dolomites; much of the flux is transported hundreds of miles from
Michigan quarries to lower Great Lakes steel plants. The blast furnace slag
produced is a preferred source for concrete aggregate and roadstone in the
steelmaking centers; the market consumes the supply. 1In general, the flux-
stone minerals would be complete technical substitutes for blast furnace slag
in these classes of use, 1In the ideal case of perfect substitutibility the
fluxstone no longer needed in blast furnaces could be directed into slag
uses with only a slight drgp in supply: 3 percent from best practice to
complete direct reduction; 4.5 percent from 1970 average practice to complete
direct reduction.

In the case of complete substitution of metallized pellets, the economic
substitutibility of fluxstone is likely to be less than perfect, creating an
excess supply of fluxstone at producing points and an excess demand for slag
at steelmaking centers. The problem is that the markets for aggregate and
roadstone uses of blast furnace slag generally would not support the costs of
transporting fluxstone long distances from quarries to steelmaking centers for
these classes of use. Again as a general matter, for these classes of use
there are competitive sources of stone much nearer to the consumption points.
The likely outcome would be a shift to production of stone nearer to steel-
making centers. Fluxstone production might decline by nearly the full amounts
listed in (a) and (b) above; the curtailments in slag production likely would
be supplied by nearby sources of stone.

Mineral Fuels

The effects of direct reduction upon fuel needs are both large and
complex., Foremost is the new need for fuel in direct reduction. Coke needs
drop by one-half, so does the supply of coke-oven byproduct fuels, including
breeze, coke-oven gas, tar, and pitch.

The energy-intensive nature of iron smelting and refining is important to
realize, Primary iron and steel producers consumed about 3,400 trillion® Btu
in 1970, 5 percent of the Nation's energy budget. Of this amount, 2,778 tril-
lion Btu, 82 percent of the total, was consumed in iron smelting, including
coke plants, and in melting and refining iron and steel melts (table 3).

The energy input for pig iron smelting alone (table 5) came to 1,656 trillion
Btu, 49 percent of the total industry consumption.

The entire substitution of direct reduced pellets for hematite pellets
(Case I) would impose an extreme demand for natural gas or equivalent fuel.
If the 1970 consumption of pig iron (90.1 million tons, table B-8) had been
met by metallized pellets (84 million tons Fe, based on 93 percent Fe in pig
iron) the fuel consumption in direct reduction would have totaled 1,173 bil-
lion'® cubic feet natural gas--about 20 times the natural gas consumed in

®(-100 1b slag + 85 1b flux) - 500 1b slag = 0.03.
®Billion = 10°. Trillion = 102,
105ee footnote 9.
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blast furnace reduction (55 billion cubic feet). This quantity for direct
reduction is equivalent to about 5 percent of the total U.S. consumption of
natural gas in 1970 (22 trillion cubic feet); also, it represents about

1 year's growth in the Nation's natural gas supply.

Coke needs are cut back by about 50 percent; the need for metallurgical
coal would fall in proportion. In recent experience, 1 ton of coal carbonized
in slot ovens produces 0.698 tons of coke; 0,045 tons of coke breeze; 5,500 cubic
feet of coke oven gas (net of coke oven underfiring needs), and 8.6 gallons of
tar and pitch (only 40 percent available for fuel after refining uses and sales
are allowed for). Since more than half of the coke breeze is consumed in sin-
tering plants, a cut of one-half in supply would likely force some substitution
of coal in that process. Coke oven gas is used outside the coke plant mainly
in heating and annealing furnaces (about 60 percent) and for other purposes
including boiler plants (30 percent). Tar and pitch available for fuel is
eliminated completely by the 50-percent cutback in cokemaking. (By adopting
best practice ironmaking compared to the 1970 average the quantity of tar and
pitch available for fuel is diminished 1.1 gallon per ton of coal carbonized.)
Since this fuel, however, is used mainly in open hearths (68 percent in 1970)
which are being phased out, the requirements likely will be met sufficiently.

A detailed review of byproduct-fuel use patterns revealed that a cutback of
one-half in cokemaking would force the introduction of substitute fuel for
byproduct fuel uses equivalent to 1.6 thousand cubic feet of natural gas per
ton of pig iron, totaling 150 billion cubic feet in 1970.

Consumption of fuels in terms of 1970 pig iron consumption is altered by
complete substitution of metallized pellets as follows:

(a) Compared to best practice:

+1,323 billion cubic feet natural gas consumed
-24,8 million tons coke consumed
-35,5 million tons coal carbonized
-1.6 million tons coke breeze produced
-195 billion cubic feet coke-oven gas produced
-302 million gallons tar and pitch produced

and (b) compared to 1970 average practice:

+1,268 billion cubic feet natural gas consumed
-166 million gallons fuel o0il consumed
-31.8 million tons coke consumed
-45,6 million tons coal carbonized
-2.1 million tons breeze produced
-251 billion cubic feet coke oven gas produced
~387 million gallons tar and pitch produced.

The net effects of direct reduction on energy consumption for pig iron
production can be discerned from these comparisons. Compared to best practice
(a), the additional energy consumed totals 4.4 million Btu per ton of pig
iron, an increase of more than one-fourth in energy requirements. About
40 percent of the additional fuel is needed merely to compensate for the
shortage in byproduct fuels. With regard to comparison (b), the 1970 average
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energy requirements rise very littlefor acomplete changeover to direct
reduction. The additional energy needed averages only 0.5 million Btu per
ton of pig iron, about 3 percent,

The connotations of these energy comparisons are the following:

1. The aggregate energy supply to the iron and steel industry in 1970
would be sufficient to support a complete transformation to direct reduction.
Comparison (b) implies an increase of only 3 percent in total energy consumption,

2. Extreme substitutions of fuels would be required. How it would come
about is not foreseeable. The industry traditionally has been run by coal.
In 1970 coal supplied 67 percent of the energy input (if the coal equivalent
of purchased electric power was included, the figure would rise to 77 per-
cent). Direct reduction implies a wholesale shift away from coke.

3. The future, measured by the trend to best practice, would be toward
an improvement in energy consumption for blast furnace reduction, but that
increment of energy would be consumed by the adoption of direct reduction.

4. The place of byproduct fuels in the energy economy of iron and steel
plants would become very important. Wherever direct reduction is implemented
it will become a major component of the process line. In the same proportion,
the supply of byproduct fuels per unit of output will decline, When these
byproduct fuels, heretofore available at zero economic cost,'! have to be
replaced by purchased fuels, the whole question of byproduct fuel utilization
will become very prominent. Comparison (a) disclosed that 40 percent of the
additional energy required for direct reduction would be needed to substitute
for byproduct fuels. This estimate is believed to be conservative but real-
istic. It was based on taking two-thirds of the 1970 experience, a factor
supported by collateral evidence of the trends toward diminished fuel needs
in steelmaking.

Productivity

Burdens containing metallized materials have the effect of increasing
blast furnace productivity strongly, ranging from 0.6 to 0.8 times the percent
of prereduced iron charged. This consequence of substituting metallized
materials is especially pertinent because the 1964-70 period witnessed an
unprecedented investment in productive capacity with hardly any corresponding
growth in production. Direct reduction holds out the possibility of greatly
increasing pig iron production with minimum investment in blast furnace
facilities. The relative investment costs favor direct reduction for incre-
mentation of capacity.

*1The economic value of coproducts is indeterminate, Cost department values
are arbitrary. The point is clarified by determining whether the coke
plant would be operated if the coproduct has no markets; if so, the
coproducts have zero economic value at the point of production.
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Graphic Interpretation

The effects of Case I substitution can be expressed in graphic form by
plots of mineral usage scaled in proportion to substitution. Figure 1
displays these plots for (A) ferrous inputs (including scrap andmiscellaneous);
(B) coke and its coal equivalent; (C) raw flux consumed and blast furnace slag
produced; (D) natural gas and equivalent fuels (including all other steel plant
uses), and (E) furnace productivity. Each plot is arranged in two parts. At
the left, the relations depict the transition in mineral usage from average
1970 practice to the contemporary best practice. At the right, the relations
depict the results of substitution, from the usage in contemporary best
practice without any direct reduction to complete substitution of metallized
pellets 95 percent reduced.

The left~hand portion of each plot represents the two levels of mineral
usage with regard to 1970 production. At the left margin the "average' usage
is plotted. This is simply the aggregate input divided into the output of
pig iron; it does not represent any specific practice. On the other hand, the
1970 "best practice’ data do represent a definitely identifiable state of
blast furnace smelting technology (table 10). A horizontal line connects the
left margin and the best practice point; this is a base line of best practice.
The broken curve connecting "average" and "best'" is a tieline; it connotes a
linear improvement in usage as best practice is substituted for 1970 average
practice. The triangle bounded by the broken curve and the baseline suggests
the magnitude of improvement in mineral usage. The width of this left-hand
portion was selected to be half the width of the right-hand (direct reduction)
portion solely for balance in presentation; this means that the slopes of the
broken curves to the left are not functionally related to the slopes of the
direct reduction curves on the right.

The curves in figure 1 facilitate interpolation between extreme condi-
tions and permit one to gauge the effects of partial changes in technology,
whether moving from "average' to '"best'" contemporary practice or from zero
percent direct reduction toward 100 percent. If a time rate of substitution
is assumed, the curves portray the change in mineral usage proportional to
that state of the future. A third class of application also is time-related--
to mark. the curves to denote the growth (or decline) of supply in the future
because of new developments (or exhaustion of deposits) and to relate these
changes to the percentage of direct reduction needed for balancing the mineral
supply per unit of pig iron produced. Total national requirements would be
simply the extensions of these usage factors by the estimated quantity of pig
iron production. Projections of demand for iron will be presented in a later
section. A fourth application is to relate the projected growth of demand
(as a percent of base-period demand) to the productivity growth in figure 1

to estimate the percent direct reduction needed, given the existing stock of
blast furnaces.
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CASE II. Partial Substitution in Electric Arc Furnace Charges

This case is at once practical and unconventional. All of the direct
reduction plants in operation or under construction in the United States and
Canada are intended to supply substantial proportions of the metallic inputs
for electric arc furnace plants from iron ores in the form of direct reduced
pellets or briquets.

This notion departs from conventional steelmaking technology and use of
mineral inputs. All of these plants are predicated on continuous feeding of
metallized pellets (or other free-flowing forms). All contemplate using at
least one-third new iron in charges compared to the traditional 2 percent
pig iron-98 percent scrap charge (table B-10).

The use of sponge iron in electric arc steelmaking furnaces has been
demonstrated by numerous plants and laboratories, but success has been out-
standing when highly reduced pellets or briquets are fed continuously into
the melt (75, 87, 105, 112). By this means, full power can be applied to the
furnace for nearly all of the melting period. Melting rate is accelerated,
heat loss is diminished, and less electric power is consumed per ton raw
steel. An increase in the proportion of continuously-fed metallized pellets
is rewarded by further improvement in power consumption but at a diminished
rate of return. The countereffect is caused by the increased bulk of slag;
gangue constituents report to the slag, so does unreduced iron in the pellets.
In the neighborhood of 40 percent reduced iron, a saddle point is reached.
With further increase, power consumption rises, reaching the original level
at about 75 percent metallized pellets.

To obtain this performance a low-gangue mineral is selected for metalliza-
tion; the slag which develops in the arc furnace during continuous feeding is
maintained slightly acid (1.5 basicity ratio), and it is run from the furnace
frequently, All of the direct reduction plants in the United States and Canada
for arc furnace feeds are based on iron minerals analyzing less than 3 percent
silica.

Multifactor Analysis of Effects on Operations

Case II considers a hypothetical set of conditions at two levels of metal-
lized pellet usage (40 percent and 75 percent)--two ore types (a 6 percent
gangue referred to hereafter as ''smelting-grade' hematite pellet and a 3 per-
cent gangue hematite pellet referred to as 'refining-grade'; table 13), and
two slag basicity ratios (1.5 base-acid ratio to exemplify continuous-charged
heats, and 3.0 ratio typical of single-slag heats).

TABLE 13. - Chemical composition of typical prereduced iron ores, percent
Constituent Smelting grade Refining grade
SiO eeeeranseansosesncesnseanonsncas cerene 7.0 3.0
Other gangue®......... Cesesscesraseriesans 1.0 2,5
Covernrnnenenas et ecarecr s . 1.5 1,5
Ogevnnn heececcesaneasttctase e s es0 s 0 oas 1,2 1.0
Fe, total.......... s teierasiesaeccirocans 89.3 92.0
Percent metallizationieso..... ceecaiessense 95.0 95.0

TA1l gangue, less Si0O,, assumed to be neutral.



24

Raw material and energy requirements were developed from contemporary
best practice as a base. The additional requirements of lime and electrical
energy were calculated from the quantity of gangue introduced by metallized
pellets and the lime required for fluxing. The energy consumed for slag
melting and solution was taken as 40 kwhr per 100 pounds of slag (105).
Schedules of raw material and energy requirements are presented in tables 14
and 15.

The additional cost of melting and refining metallized pellets in the arc
furnaces is principally determined by the gangue introduced to the furnace
system and how basic a slag is maintained, For example, as in Table 14,

40 percent refining-grade metallized pellets refined with a 3.0 basicity slag
(condition 1) would require 144 pounds of lime compared to 57 pounds in best
all-scrap practice because the slag produced would be 2-1/2 times as great.
The calculated power consumption would be increased by 55 kwhr, from 450 to
505 kwhr per ton of raw steel produced. Furthermore, this use of metallized
pellets would crowd the limited volume of the furnace chamber with slag if
conventional slag control were practiced., However, by fluxing the gangue and
removing it in a 1.5 basicity ratio slag (condition 3), the additional lime
required compared to base conditions would be 44 pounds, only half of the
added lime required in condition 1. Similarily the added power consumption
would be only 38 kwhr.'?

Though metallized pellets incur costs in the added lime and power con-
sumption their use entails, they permit a remarkable increase in furnace
productivity when continuously fed, The best-practice heat time of 160 min-
utes stands for the highest efficiency of conventional furnace practice. Yet
both condition 1 and condition 3 require hardly any more than two-thirds that
time to produce a heat, 112 and 110 minutes respectively. 1In effect, the
continuous charging of refining-grade metallized pellets has the possibility
of increasing the output of steel from an electric furnace by nearly one-half,

The foregoing analysis is based on using refining-grade metallized
pellets; the next question is to estimate the effects of using metallized
smelting-grade pellets.  Conditions 2 and 4 in Table 14 represent this class
of ore mineral. Lime and power requirements are very high. Forty percent
of smelting-grade metallized pellets would require 267 pounds of lime to form,
3.0 basicity slag (condition 2), that is, nearly twice the lime required for
refining-grade metallized pellets (condition 1). The quantity of slag to be
handled would be about 5 times that of base conditions.'® Power consumption
would increase accordingly, to 565 kwhr in condition 2, 60 kwhr more than in
condition 1.

1°No saddle point in power consumption occurs in these comparisons because
the base condition represents a highly efficient practice.

131f condition 2 was established in a single-slag practice the volume of
slag would limit the steel holding capacity of the furnace to only
two-thirds of the base capacity.
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The most interesting comparison is among conditions 4, 3, and 7, that is,
smelting-grade metallized pellets providing 40 percent of the charge (condi-
tion 4), and refining-grade pellets at 40 percent (condition 3), and at
75 percent (condition 7). Smelting-grade pellets (condition 4) compared to
refining-grade pellets (condition 3) require 61 pounds of additional lime
(162 to 101 pounds) and 34 kwhr extra energy.'® These increments are of about
the same magnitude as the increments from base practice to condition 3. 1In
effect, by going from base conditions to condition 3 (40 percent refining-
grade pellets, 1.5 basicity) the lime and energy expenditures of 44 pounds and
38 kwhr permit the 50 minute improvement in heat time. Next, by substituting
smelting-grade pellets (condition 4) for condition 3 another similar increment
of lime and energy cost is incurred, but there is no further payout in furnace
performance. TInstead the heat time becomes a little longer.

The comparison between 40 percent smelting-grade and 75 percent refining-
grade pellets (conditions 4 and 7) further illustrates the comparative advan-
tage of low-gangue ore. The lime, energy, and heat time relations taken
together suggest that the cost of melting 75 percent refining-grade pellets
(condition 7) is within 5 percent of condition 4, yet condition 7 permits
using nearly twice the amount of metallized pellets, 75 percent of the charge.

The energy accountings in table 15 provide further insights, The base
condition of melting and refining consumes about 2.7 million Btu per ton raw
steel., On a similar basis the energy budget totals 3.1 million Btu for
condition 3; 3.5 million for condition 4, and 3.4 million for condition 7.

Comparative Mineral Consumption

Iron Ores

It is obvious from the foregoing discussion that the smelting-grade
pellet has no place in this electric-arc steelmaking system. Events to date
bear out this impression. All of the U.S. and Canadian direct reduction-
electric arc furnace plants are based on pellets even lower in gangue content
than the 3 percent gangue refining-grade pellet (none of the ores listed in
the description of the direct reduction processes in Appendix A exceed
2.3 percent gangue). The extent to which this system of steelmaking is
adopted will have the.effect of determining the substitution of low-gangue
refining-grade pellets for smelting-grade pellets, the contemporary standard
of pellet technology in the United States. The smelting-grade pellet is a
highly developed composition intended for blast furnace smelting, probably
close to the ultimate for that purpose. For electric furnace use, however,
it is plainly unsuitable.

The chart in figure 2 depicts the linear substitution of refining-grade
metallized pellets for smelting-grade metallized pellet types to the extent
that electric-furnace melting of new iron is substituted for blast furnace

14At early 1972 price levels the combined effect of these lime and energy
costs is worth nearly $1 per ton of raw steel; about $2 per ton of
metallized pellets.
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smelting (or for direct reduc-
tion and blast furnace melting
and refining)., If the his-
torical 73:27 split is main-
tained between primary) iron
ores) and secondary (iron
and steel scrap (inputs
(table B-8), and electrics
go to melting 40 percent
reduced pellet--60 percent
scrap charges, then, under
1970 conditions of yields,
the extreme condition would
be a 39 percent BOP--61 per-
cent EF split in steelmaking;
the resulting distribution of
new ironwould be 55 percent
to BOP furnaces and 45 per-
cent to electrics,

The arrangement of fig-
ure 2 follows after figurel
but the mineral usage ordi-
nate is scaled in percentage
gangue, The 1970 average
gangue content was estimated
to be 7.9 percent (see table
B-14 for U.S. and Canada
analyses)., The move to best

practice would bring the
gangue content to 6 percent
or so. Implementation of direct reduction entirely for blast furnace burdens
would not incur any change in gangue level. This is the Case I situation
(see preceding section).

Case II is shown at the right-hand side of figure 2. The comparison is
made between 100 percent reduction of iron ore for blast furnace burdens
(Case I) and progressive substitution of electric furnace use (Case II).

A1l metallized material used in the electric arc furnace is presumed to be
refining-grade (3-percent gangue), The course of substitution requires an
increasing proportion of refining-grade pellets,

In terms of the 1970 steel industry, the consequences of a complete swing
to 40 percent of charge as metallized pellets in electric furnaces would be
as follows:

1. A great overcapacity of BOP furnaces: BOP-made raw steel totaled
63 million toms in 1970, but only 51 million tons would be needed to supply
39 percent of the 1970 total., U.S. capacity in 1971 was 78 million tons (55)
and more was being built.

2. Corresponding undercapacity in electric furnaces: Raw steel needed
to supply 61 percent of the U.S. total would be 80 million tons, but U.S.
production in 1970 totaled only 20 million tons, close to the capacity.
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3. Excess capacity for blast furnace-grade pellets: BOP steel would
require about 45 million tons pig iron, equivalent to 66 million tons hematite
iron oxide pellets (based on 1970 pellet composition, table B-14). However,
the U.S. and Canadian capacity totaled 83 million tons (United States--61 mil-
lion, Canada--22 million) in 1970 (25), with more capacity being built,

4. An almost total lack of domestic capacity to supply electric-furnace-
grade metallized pellets: The need would be for 34 million tons of iron-in-
pellets to provide the feed for direct-reduction and electric-arc furnace
steelmaking. The existing U.S. capacity totals about one-tenth of this need.

The implications of using 75 percent of metallized ironm and 25 percent of
scrap in electric-arc furnace charges will not be discussed. Although this
combination of inputs-is metallurgically feasible and might prove economical
for an individual plant, in the aggregate it is not a feasible condition for
the present structure of the industry. This 75:25 charge is inconsistent with
the present iron input ratio of 73 primary to 27 secondary. To discuss it
would require description and discussion of an entirely different industrial
setting, a subject beyond the scope of this report.

Flux

In this discussion the consequences for flux usage and consumption are
limited to the feasible case, that is, condition 3 in table 14. Compared to
the best practice, flux usage increases to 101 pounds per ton or raw steel,
that is, by 77 percent over the best practice usage, 57 pounds.

The total use of flux is a composite of quite different use patterns in
the various processes. Figure 3 illustrates the case. The 1970 usage pattern
is based on the 1970 composite of process shares in steelmaking and the con-
ventional pig iron percentages (table B-10); it was composed of 181 pounds of
calcined flux equivalent in blast furmaces and 114 pounds in steel furnaces,
for a total of 295 pounds per ton of raw steel, Best practice is predicated
on 75 BOP-25 EF shares in steelmaking, conventional pig iron percentages, and
best practice ironmaking; flux usage comes to 159 pounds in the blast furnace
and 135 pounds in steel furnaces, 294 pounds total per ton of raw steel.

Case I leads to 128 pounds of calcined flux equivalent usage in blast
furnaces at 100 percent use of metallized smelting-grade pellets, and the
same 135 pounds in steel furnaces, for a total of 263 pounds. The drop of
31 pounds flux usage per ton of raw steel is entirely in the blast furnace,

Substitution of electric furnace melting and refining for the blast
furnace-BOP process chain is depicted in the Case II section of figure 3.
Flux consumption is diminished by going to electric arc furnace use of metal-
lized pellets. The combination of 40 percent metallized pellets and 60 per-
cent scrap and the resulting 39 percent BOP--61 percent EF shares of raw steel
production uses 195 pounds of flux per ton of raw steel, that is, 66 pounds
calcined equivalent of raw flux and 129 pounds of burnt lime. The net result
of Case II is a drop of only 6 pounds of flux usage in steel furnaces, about
5 percent, but a major drop in blast furnace raw flux consumption, 62 pounds
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C, calcined flux, including calcined equivalent of raw flux (limestone and

dolomite).
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calcined flux equivalent (128 pounds to 66 pounds), all per ton of raw steel,.
In terms of 1970 raw steel production--

(a) Calcined flux consumption would drop 0.4 million tons;

and (b) Raw flux consumption would drop 7.1 million tons.

The description of flux usage in figure 3 may be used similarly to the
analysis described in Case I, figure 1. The Case I description, however, was
limited to blast furnace usage and figure 1 was scaled in pounds per ton of
pig iron produced. Figure 3 includes steelmaking as well and is scaled per
ton of raw steel produced. Figure 3 shows that the effect of Case I was to
diminish the need for raw flux, the burnt lime needs for steelmaking remaining
the same. Tt depicts further the effect of Case II substitution, the swing to
using metallized pellets in electric steelmaking. This substitution for the
blast furnace--BOP combination would have very little effect on burnt lime
needs, but it would mean a virtually complete swing away from blast furnace
flux wherever implemented. The disruption of fluxstone needs for blast
furnaces in Case I was equivalent to 31 pounds per ton of raw steel; in
Case II the effect would be twice as great (61 pounds). Effects on blast
furnace slag production would be in proportion.

Oxygen

The availability of metallurgical oxygen for iron and steelmaking pro-
vided the basis of the upheavals in process substitution which occurred during
the 1960's. 1In 1970 the usage of oxygen averaged 1,416 cubic feet per ton of
raw steel in steelmaking furnaces (table 9) and about 148 cubic feet per ton
of raw steel in blast furnaces (table 6). In best practice steelmaking
(75 BOP--25 EF shares) oxygen usage would total 1,425 cubic feet per ton in
steelmaking, and Case I substitution of direct reduced pellets in blast
furnaces would not change that figure. Blast furnace smelting under best
practice conditions was set up assuming no oxygen usage. Figure 3 depicts
these relationships.

Oxygen usage in steelmaking is likely to fall off greatly under condi-
tions of Case II substitution. The displacement of BOP steelmaking is the
cause., While it required 1,900 cubic feet oxygen per ton of raw steel, best
practice EF steelmaking would consume none. At the limit of Case II condi-
tions, 39 BOP--61 EF shares, oxygen usage would fall to 741 cubic feet per
ton of raw steel, less than half of 1970 usage. Figure 3 shows these move-
ments. In terms of 1970 raw steel production the magnitudes of change are
as follows:

(a) Best practice to complete Case I:
No change.

(b) Best practice to complete Case II:
-113 billion cubic feet oxygen.

(c) Average 1970 to complete Case II:

-102 billion cubic feet oxygen.
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Ores in Steel Furnaces

The use of iron ore in steel furnaces has declined with the technology of
the open hearth, but a small usage is foreseen for BOP and EF charges where
metallized pellets are not involved. Iron oxide is the solvent of steelmaking
slags; ordinarily it is more effective and cheaper to feed iron oxides as ore
than to create it by oxidizing the ferrous charge. Where metallized pellets
are charged, as in Case II electric steelmaking, the need for iron oxide in
slag is satisfied by the residual unreduced iron in these pellets. The
amounts of ore involved are small: 58 pounds per ton or raw steel in 1970;

40 pounds under Case I conditions, and 18 pounds at the limit of Case II
substitution, These relations are plotted in figure 3., In 1970 terms the
magnitudes of change are as follows:

(a) Best practice to complete Case I:
No change.

(b) Best practice to complete Case II:
-1,5 million tons iron ores.

(c) Average 1970 to complete Case II:
-2,6 million tons iron ores.

Mineral Fuels

Case II represents a shift in the use of metallized product from blast
furnace ironmaking to electric furnace steelmaking. The effects upon mineral
fuel usage are threefold: (1) Diminished need for coking coal and byproduct
fuels in the blast furnaces--BOP steelmaking chain, (2) a new need for coal or
other fuels to support additional electric power generation, and (3) a need
for replacement of the byproduct fuel no longer produced, especially in
heating furnaces and steam raising.

The effects of shifting these process shares in steelmaking can be
measured directly. The two boundary cases are Case I (75 BOP--25 EF shares)
and Case II (39 BOP--61 EF). The following assumptions are involved:

1. All primary iron is direct-reduced 95 percent;

2, At the Case I limit, the direct-reduced primary iron is consumed
entirely in blast furnaces to supply pig iron to BOP furnaces (70 percent pig
iron in charges) and to electrics (2 percent pig iron in charges);

3. At the Case IT limit, the direct-reduced primary iron consumed in
electric furnaces is refining-grade pellets in 40 percent iron--60 percent
scrap charges refined under 1.5 basicity ratio slags (condition 3); and
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4. At the Case II limit condition, the pig iron produced is used
entirely in BOP furnaces.

The shift from Case I to Case II conditions has the primary effect of
cutting coke requirements by 48 percent. The BOP share of 75 percent in
Case I steelmaking is the basis for 99 percent of pig iron production and
coke consumption., Between Case I and Case II, the BOP share in steelmaking
falls by nearly one-half, from 75 percent to 39 percent, and pig iron use is
eliminated from EF charges.

The additional need for electric power requires a major boost in electric
power generating capacity and a fuel supply to support it. The EF share in
raw steel production at the Case II limit condition is 2.44 times Case I
(61 percent against 25 percent). Power usage per ton of EF steel increases
by 8.4 percent (from 450 to 488 kwhr per ton raw steel). Total electric power
consumption thus increases 165 percent from Case I to Case II. 1In terms of
contemporary power generation and distribution parameters,'® Case II requires
281 pounds of additional coal or equivalent fuel per ton of raw steel.

Total needs for electric power compared to 1970 experience would be even
greater, In these sets of comparisons, Case I is limited to the effects of
direct reduction on smelting processes, thus it excludes the effects of
changing the EF steelmaking share from 15 percent in 1970 to 25 percent in
best practice and the improvement in EF power consumption. In Case II these
changes in EF steelmaking become pertinent components of these comparisons;
together they require an additional 16 pounds of coal per ton of raw steel.

The byproduct fuel deficit is especially important, Production of coke
byproducts is cut 48 percent, proportional to cokemaking. Availability of
byproduct breeze and coke-oven gas for fuel use is diminished in the same
proportion. The estimated fuel deficit in passing from the Case I to the
Case II use of direct reduction is equivalent to 350 cubic feet of natural
gas per ton of raw steel.

In terms of 1970 raw steel production levels, the shift in use of metal-
lized pellets, 95 percent reduced, from Case I conditions (entirely in blast
furnace) to Case II conditions (40 percent metallized ore and 60 percent scrap
in EF charges and a 39 BOP--61 EF sharing of raw steel production) alters the
pattern of mineral fuel consumption and byproduct fuel production as follows:

=17.0 million tons coking coal consumed,
-11.9 million tons coke consumed,
~0.8 million tons breeze produced,
=94 billion cubic feet coke oven gas produced,
+11.5 million tons coal for electric power generation, and
+46 billion cubic feet natural gas or equivalent fuel for heating,

1®Coal, 13,100 Btu per pound; heat rate, 10,500 Btu per kwhr, and 85 percent
electrical efficiency,
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To complete the picture, the comparison is needed between the 1970 aver-
age steelmaking practice and the '"best" steelmaking practice of Case I. The
principal difference is between the mineral fuel requirements for 48 million
tons of raw steel produced in 1970 by open hearths and the fuel needs for
equivalent raw steel production from BOP and EF steelmaking in an industry
composed of 75 percent BOP and 25 percent EF production., A much smaller
factor is the improvement in electric power consumption in EF practice. 1In
terms of 1970 raw steel production, the estimated changes in mineral fuel
consumption are as follows:

=417 million gallons fuel oil,
-58 billion cubic feet natural gas, and
+1.0 million tons coal for electric power generation.

The multiple effects of direct reduction on mineral fuel requirements
have been brought together in figure 4. The ordinate is scaled in terms of
fuel consumption per ton of raw steel. In this graph, only the energy
required for iron smelting and steelmaking is included. Excess energy from
byproduct fuels has been netted out, Only the net coal needs are included.

By the same reasoning electric power requirements are presented in terms of
the coal equivalent required per ton of raw steel in passing from the condi-
tions of 1970 average to 1970 best practice (table 11), complete direct reduc-
tion (Case I, table 16), and the complete shift to steel furnace use

(Case II).

This form of presentation summarizes the mineral supply implications
of technologic change in iron and steelmaking by implementing best practice
and direct reduction. The total energy budget does not undergo much change
but the components undergo a great deal of substitution.

Heat Time and Productivity

The time effect of using reduced pellets in the electric arc furnace is
very important. The estimated time required for the complete heat cycle, tap
to tap, is cut from 160 minutes in best practice, to 110 minutes in Case II.
The 50-minute difference amounts to almost one-third of the best practice
heat time and implies a 45-percent gain in output compared to conventional
furnace practice. It opens the possibility of replacing old open hearths by
expanding the production from existing arc furnaces.,

Summary of Conclusions

The changes in mineral consumption resulting from Case I and Case II
implementations of direct reduction are summarized in table 16. In each
instance the comparison is scaled in terms of 1970 consumption. The magni-
tudes of the effects are evident and do not require comment,

The possibilities for increasing output by using metallized pellets are
shown above for the blast furnace (Case I) and the electric arc furnace
(Case II), Whether these possibilities will be needed, however, is a matter
of market growth,
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TABLE 16, - Summary of changes in mineral consumption resulting from

direct reduction in iron and steel production®

Iron smelting: Iron smelting and
Case I steelmaking:
compared to Case II compared
Mineral inputs 1970 practices to 1970 average
Best |[Average practice

practice|practice| Change in{Percent
quantity |change®

Ferrous inputs:
.3
Ore and agglomerates:

Smelting-grade....million short tomns.. None -20.5 -79.3 -53
Refining-grade..ecesceeeeedOeeeeracens NAp NAp +57.0 *)
Iron and steel scrapeciscecedOieeeceeas None None None 0

Fuels and energy:

COKEeeievessonooncassnnnsseeelOeceiennnns -24.,8 -31.8 43,7 -77
Coal equivalent®......veeedOuuunnnnnes -35.5 -45.6 -62.6 -77
Purchased electric power..billion kwhr.. None +2,2 +26.5 +310
Coal equivalent®..million short tons.. None +1.0 +12,5 +310
Coal equivalent, total......dOsesecoscecs -35.5 44,6 -50.1 -58
Natural gas’.............billion cu ft..| +1,323 | +1,210 | +1,256 +1,115
Fuel oil.se.vvevevsnieesss.million gal.. None -583 -583 -100
Byroduct fuels:
Coke breeze.......million short tons., -1.6 -2,1 -2.8 -77
Tar and pitche.o....e....million gal.. -302 -387 &.523 8-100
Coke-oven gas.....«....billion cu ft., ~195 -251 -344 -77
Fluxes, oxidants, and slag:
Fluxes:
Limestone and
dolomite.........million short tons.. -3.8 -8.3 -15.4 -62
LimeeusvienooscosssessseesdOcenenannns NAp +2.4 +2.0 +34
Fluorspar.ce.eeesceceocesel0erennnonse NAp +0.2 -0.2 =40
Iron ore in steel furnace...dOe..e.vooves, NAp -1.2 -2.6 -69
0Xygen” .....vveveaeeseso.billion cu ft,, NAp +10.9 -102 -51
Blast furnace slag
produced.......ess..million short tons.. 4.4 -7.7 -15,8 -60

NAp -~ Not applicable.

1Basis: 1970 consumption (table 3) and best practice (tables 10 and 11).

2Quantity related to 1970 consumption for steelmaking.

®Includes all input sources to blast furnaces in 1970,

4 Consumption of refining-grade pellets in 1970 not known. Supply estimated at
5 million short tons.

5Based on 69.8 percent yield of coke.

®Based on 10,500 Btu/kwhr heat rate and 85 percent transmission efficiency.

70r equivalent mineral fuel.

8Refining uses could consume all of available supply under Case I conditions;
quantity listed is the change in production of tar and pitch,

“Based on transitional usage in EF: 700 cubic feet per ton in Case I compari-
sons; no oxygen in best EF practice compared to Case II.
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Future requirements for minerals by iron and steel producers will depend
primarily on the markets for iron and steel products. The Bureau of Mines has
performed a detailed study of these markets and published its findings and
projections to the year 2000 in the chapter on "Iron'" in the 1970 edition of
"Mineral Facts and Problems" (4). Table 17 summarizes that work. Figure 5
illustrates these relationships. Continued growth of demand for iron and
steel products is foreseen, though the growth rate may average out to be as
low as 1.0 percent over the 1968-2000 interval. Economic capacity of
U.S. blast furnaces in 1970 was estimated to be 106 million tons of pig
iron.'® By this measure, the year 2000 projection for pig iron is only
60 percent greater than the 1970 capacity estimate, By comparison, that
capacity could be increased at least 75 percent by direct reduction to
95 percent reduced pellets and 100 percent use in blast furnaces. Thus, the
projected growth of pig iron demand to the year 2000 could be met without
additional blast furmace capacity in the ideal case.

TABLE 17, -~ U.S. production and demand for iron, 1968,
and forecasts to the year 2000

(Million short tons)

Year Growth rate,
1968 2000 percent
TOTAL DEMAND
Highl. lllllll L] ® 5 0 00 0 C.l.'} 221 1.9
LOWerrvvnrnnnns il T 120 1 162 1.0
Median ----- IR RN XXX - (192) 1'5
PRIMARY DEMAND
High'.tnlavtluntl.-‘ll..-q.- 175 2-3
LOW...-o-.o-clontocn--oooov- } 84 130 1-3
Median.......-.-......-'-..-. - (153) 1!9
PRIMARY PRODUCTION
Higheveovuueoranennerennnnes 117 2.3
Low..lll.'!..l.....’.‘...."}56.3 87 1.3
Median....................'. - (102) 1.9
Source; Bureau of Mines Bulletin 650 (4).

Demand projections for primary ironm are contingent on the continuation of
recent technology in the split between primary iron-in-ore and secondary iron
Another facet of the equation is imported iron and steel
products-~they displace both primary and secondary iron,

and steel scrap.

The projection for domestic primary iron is based on the continuation of

67 percent domestic production of iron-in-ore and 33 percent imported:

split has been maintained since the late 1950's.

future will be realized will depend on cost and availability.

This

Whether this projected

Figure 6, also

‘S Estimated from maximum output rates during peak periods of demand in 1968,
1969, and 1971,
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FIGURE 5. - Comparison of trend projections and forecasts for primary iron demand,

taken from '"Minerals Facts and Problems," shows the supply schedule for
domestic iron ore. At the average 1968 price of $15,40 per short ton of
iton-in-ore f.o.b, mine, the reserves total about 2 billion tons of recover-
able iron (4); this supply is denoted by the broken segment of the curve,

The steeply rising supply curve in figure 6 reflects the increased aver-
age cost from performing beneficiation and agglomeration upon an increasing
proportion of the iron minerals mined. The cumulative consumption of domestic
iron units to the year 2000 has been estimated to range between 2,19 and
2.69 billion toms (4). This range is represented in figure 6 by the rising
golid curve between the rising broken curve segment and the horizontal full
curve. Thus, these rising segments represent in an approximate way the rate
of cost increase in U.S. ore mining to the year 2000, given current technol-
ogy. This rising curve also provides a measure of how the competitive
pressures on domestic producers are likely to increase; by comparison,
foreign ores are abundant (at the current price level they already supply
one~-third the U.S. market).

Figure 6 brings out a second relation of consequence. The rising solid
curve connotes substitution of nonmagnetic taconites as the known resources
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25 of magnetic taconites become
exhausted. Intensive use
of concentrates processed
from these nonmagnetic
minerals likely will be
needed long before the year
2000 to meet the cumulative

////' Pmlauedom—:] demand for domestic iron ore.

15— EFFECTS OF DIRECT REDUCTION
ON MINERAL REQUIREMENTS
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FIGURE 6. - Projected domestic availability for iron. carded goods in iron and
steel scrap.

The ratio of new iron to secondary irom in the U.S. supply has been
remarkably stable. The constancy of the 73:27 pig-scrap ratio in ferrous
metallic supply is indicative of a remarkable equilibrium in the supply of
these materials, especially in the face of unprecedented waves of material
and technology substitution in the iron and steel industry, and unprecedented
pressures of imports upon the market for steel. There is no credible alterna-
tives to this 73:27 split as a model of future supply simply because it has
withstood such intensive buffeting in the 1964-70 period.

Iron Ore and Agglomerates

Direct reduction has three potential consequences for iron ore and
agglomerate requirements: quantity, form, and composition. The quantity
issue has no effect as long as the 73:27 split endures.

The physical form of iron minerals supplied to direct reduction plants
for the U.S. market is important both for the reduction process and the final
use of the reduced product in iron and steel production. All of the direct
reduction plants commissioned to date by U.S, producers depend on closely
sized and shaped particles, The Midrex and Armco plants are designed for
feeds of indurated pellets for reduction in a shaft kiln, Conscientious
screening to remove pellet chips has been found essential if high pressure
drop and bridging are to be avoided.!” The fluidized bed processes are

+7This experience parallels the results of unpublished research by the Bureau
of Mines on blast furnace smelting of pellets.,
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utterly dependent on precise particle sizing. Rotary kilns and static bed
shaft kilns (HyL) are not so constrained in the size and shape of feed, but
the demands for control of these characteristics in the reduced product likely
will require precise sizing of feed in any event, Both of the markets for
reduced iron product--the blast furnaces and the melting and refining
furnaces--likely will require pellets or briquets distinguished by a high
degree of uniformity in size, degree of reduction, and mechanical properties.
They are easy to handle and feed, and they react uniformly. Finally, agglom-
erates now account for three-fourths of the iron mineral supply to U.S. fur-
naces (table 3) and this proportion will grow just to serve present needs.
Thus, the pellet preparation facilities needed prior to direct reduction
already have been largely provided for.

Chemical composition overshadows all else as the most important issue
resulting from direct reduction. The attractiveness of reduced iron pellets
(or briquets) for charging directly into foundry or steel plant furnaces is
unquestioned; the method eliminates the tremendous capital outlay for a blast
furnace. However, the chemical composition of domestic iron oxide pellets
available to the contemporary U.S. market is entirely unsuitable for this
purpose because with few exceptions the gangue content is much too high for
melting and refining furnace use.

The contemporary mining and beneficiation technology in the United States
and Canada is designed to produce oxide pellets containing residual gangue
(Si0, + Al,05) totaling about 6 percent. This level of gangue is entirely
satisfactory for blast furnace feed; below 5 percent gangue the gains for
blast furnace use diminish. Furthermore, increased beneficiation involves
the greater loss of iron yield. Present technology recovers about 70 percent
of the iron-in-ore in the beneficiated product., Altogether there is not much
point to further beneficiation below the 5 percent gangue level for blast
furnace needs, whether as oxide pellets or as reduced pellets. For this class
of use both the technology and the capacity are ample. In 1970 the shipments
of pellets from U.S. plants totaled about 60 million net tons; Canadian ship-
ments (mostly to the United States) totaled 28 million tons.

Melting and refining processes allow for much less gangue to be intro-
duced. Exactly what level is tolerable depends on both technologic and cost
factors, All of the direct reduction plants in the United States are intended
to provide reduced iron products for melting and refining processes. FEach of
these developments is based on iron mineral feeds which do not exceed 3.0 per-
cent gangue (Si0, + Al,0;); for the most part steel producers are looking more
towards 2 percent as the limit. Only a tiny fraction of U.S, capacity for
iron minerals beneficiation can provide this quality of feed. (Pea Ridge is
the best known.) More than 95 percent of the U.S. capacity cannot qualify
for this use, based on present practice., Although the gangue concentration

can be diluted by charging iron and steel scrap, it does not change the basic
problem.

This mismatch of present U.S. beneficiating capacity to the present
demand for direct reduction feedstock has resulted in a complete reliance on
foreign ores to supply the direct reduction plants., All of these plants are
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located on tidewater., Only the Armco plant is located in an established steel
production center; the other plants are new ventures in steelmaking, Further
implementation of direct reduction is likely to be in this direction.

The gap between present day magnetic beneficiating technology in the
U.S. Great Lakes district and the gangue requirements for use in melting and
refining can be closed. Bureau of Mines research has developed multiple-
stage flotation and magnetic separation circuits for beneficiating magnetic
feeds into '"'superconcentrates.' Gangue levels below 3 percent are readily
attainable (37). Costs are incurred in lower yield of iron from crude ore,
and in the investment, operating, and reagent costs of the superconcentrating
circuit, The deterrents to implementation of this technology apparently are
economic and financial--economic because of uncertainty over price and cost
structures, and financial because of uncertainty over allocating limited
investment funds into this development,

18

As to the nonmagnetic iron minerals in the Great Lakes district, the
possibilities of further economical beneficiation to attain a refining-grade
concentrate are unknown. Contemporary beneficiation technology produces a
diversity of gangue concentrations: One plant achieves modern smelting-
grade quality (silica plus alumina total 6 percent maximum) and a new plant
will produce similar quality products, but other plants produce pellets
analyzing from 7 percent to 9 percent gangue (Si0, + Al,0,). Moreover,
there is no economical technology to upgrade these minerals further (roasting
to convert hematite to magnetite before beneficiating generally is too
expensive). As things now stand, a demand for refining-grade agglomerates
will push these nonmagnetic minerals toward the margin of acceptability,
Only a new technology could intervene in that movement; iron ores are so
readily available worldwide that an ore of poor composition will become
increasingly unusable, regardless of price.

A third possibility exists in Minnesota, There, exploratory deep drill-
ing indicates the maghetic taconite formations downdip at depths too deep for
economical surface mining., New technology of underground mining will be
needed,

Not to be overlooked are the abundant depesits of Southern ores., Though
high-grade imports have displaced these ores almost completely from conven-
tional ironmaking, they may in time become useful feeds for direct steel-
making processes.

For the future, a vitally important decision will becalled for: Whether
to rely much more heavily on imported iron ores or tc support timely develop-
ment of the new technologies required for economical beneficiation of nonmag-
netic taconites, for underground mining of magnetic taconites, and for
nonconventionally separating and refining Southern hematites,

18At 70 percent recovery of iron, 1.4 tons of iron-in-ore must be mined per
unit of output; at 50 percent recovery, 2.0 tons of iron-in-ore must be
mined, almost half again as much mining,
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The entire domestic supply of iron-in-ore recoverable in 1968 without
price increases was estimated at 2 billion tons (the broken portion of the
curve in figure 6). However, the median projection to the year 2000
(table 17) of demand for domestic primary iron cumulates to 2.44 billion tons.
The shortage (at 1968 prices) will become evident near 1985. 1If the technol-
ogy needed is to be available in, say, 1982 and a leadtime of 10 years is
required, the time for decision is already upon us.

Iron and Steel Scrap

The existing shares of pig iron and scrap in the supply of ferrous
metallics (73:27) will, if maintained, protect iron and steel scrap in the
aggregate from any effects of direct reduction. Thus the primary question is
whether the 27 percent share of the ferrous input held by scrap is likely to
be maintained,

The likelihood is strong for maintaining scrap's share because the forces
are strong for an abundant supply of scrap., In recent years imported steel
products have captured most of the growth in the domestic market. As a result
the production of waste, both prompt industrial and obsolete, has increased at
a much faster rate than the growth of domestic demand for scrap. Prices of
scrap generally have declined relative to pig iron (except during scattered
flurries of demand). A great growth in the export of scrap has supported the
domestic market (table B-13), The basis of that growth, expansion in Japan
and Europe, has passed its peak. Although increased use of BOP furnaces
abroad will constrict those markets further, an upsurge in electric-arc
furnace steelmaking abroad will create an additional market for exports,

The abundance of waste metal confronts a diminished dependence upon waste
metal supplies where direct-reduced iron is available, In the first place,
the conventional blast furnace--BOP chain of processing is essentially inde-
pendent of purchased scrap.l® Second, the direct reduction--electric furnace
chain is likely to use at least 30 percent reduced iron if it uses any at all.
Third, direct-reduced iron typically contains very low concentrations of other
metallics; thus it is useful for blending with low-priced contaminated scrap
to provide a minimum cost metallic input.

The direct reduction~-electric furnace chain poses problems of price
behavior whose outcomes are not at all clear. This process chain puts in
conflict the scrap producers (traditional suppliers of 98 percent of the
ferrous input to electric furnaces) and the reduced iron producers (who would
supply about 43 percent of the ferrous input, given 40 percent of the charge).
On the defensive would be the scrap suppliers, used to dealing in the volatile
markets for scrap. On the offensive, and viewing the possibilities of very
large gains in ore usage, would be the ore producers, firms skilled in
marshalling huge blocks of capital for gigantic ore developments, and used to
working on long-term supply contracts. In this contest the ore producers
would have a high floor under their price because of the large capital
investment entailed,

1°Tf merchant scrap is desired home scrap can be exchanged readily for it.
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Some writers assert that direct reduction will be valuable as a means of
enforcing price discipline on scrap. If scrap is abundant and low-priced, as
it has been since 1958 except for a brief surge in 1969, the more likely
course will be that direct reduction will provide a support for scrap prices.
The steel producer who is using 40 percent metallized pellets in his electric
furnace simply cannot ignore lower-priced scrap. In the present context,
reduced iron for electric furnaces will originate from foreign ores and will
compete with scrap intended for export, the scrap use that tends to '"make the
market’ in coastal areas. Abundant scrap may demoralize ore prices.

A second question regarding iron and steel scrap is the policy of govern-
ment regarding the recycling of ferrous metals, Prompt industrial scrap by
and large is recycled effectively., The distressed area is consumer discards,
that is, municipal wastes, old appliances, and autos. Thus far, there has
been no policy for coping with -this admitted recycling problem.

Fluxes

Direct reduction will accelerate the trends already in motion to substi-
tute burnt lime for raw limestone (including dolomite). In so doing there
will be a continuation of the present substitution of limestone deposits,
Fluorspar usage will change in tandem with burnt lime usage.

Limestone and Dolomite

The use of raw flux in steel furnaces is going the way of the open
hearth, into oblivion. In blast furnaces the use of prereduced iron in the
charge will diminish the need for flux proportional to the concentration of
reduced iron in the burden. The saving comes about principally from the
saving of coke. (There is less coke-ash slag to flux, hence less fluxstone
is needed.) NWNo saving is attributable to the reduced form of the iron
minerals because the gangue-to-iron ratio ordinarily would remain unchanged
during reduction,

If the blast furnace smelting process is replaced by charging reduced
iron into electric steel furnaces, the move will shift fluxstone demand from
raw stone to calcined lime, Dolomite usage is eliminated in this substitution.

Lime

The movement to increased lime usage is also a movement toward higher
quality flux; increased manufacturing activity in fluxes, and substitution
of mineral resources.

Calcined lime is used in melting and refining furnaces. The physical
chemistry of these oxidizing processes requires high basicity slags; at best
the desulfurization of steel by oxidizing slag is less than 10 percent as
efficient as in the blast furnace. Limestone produced for burnt lime thus
must be much lower in sulfur and in silica content compared to raw fluxstone
suitable for blast furnaces. Theé increased basicity requirements, again
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compared to blast furnace slags, increase the usage of lime even further.
Sources of stone for lime calcination are much more differentiated than those
for fluxstone. Even in the major deposits selective mining is practiced to
produce burnt lime of the quality demanded,

The effect of incorporating reduced iron in melting and refining furnace
charges is to require more lime simply because more gangue is introduced, For
example, a typical BOP furnace is charged with 70 percent hot metal containing
0.9 percent silicon, equivalent to 1.4 percent Si0, in the charge, and the
lime requirement is roughly 140 pounds per ton of raw steel. An electric
furnace feed incorporating 40 percent of reduced iron made from concentrates
analyzing only 3 percent Si0, would have a much higher concentration of Sio,
in the charge (1.8 percent). Continuous feeding and fluxing a less-than-basic
slag (1.5 ratio compared to the neutral 1.8 ratio) is a lime-saving method,
but it may be costly in iron losses. If the incorporation of reduced iron in
electric arc furnace charges is substituted for BOP furnace steel production,
the increased lime usage beyond the usual electric furnace usage will be more
than offset by the savings in lime compared to BOP usage,

Fluorspar

Direct reduction will have a minor effect on fluorspar usage, Its only
effect would be in electric furnaces, but in that process the use of continu-
ous charging is expected. The type of slag and the flushing action to be
experienced will likely be free of need for fluorspar. The technology most
applicable for the slag flush will be that of the "obsolete" open hearths
which characteristically flush most of the gangue early in the heat.

Fuels and Energy

Major changes in fuels and energy supply would be direct consequences of
direct reduction. More fuel would be needed. Different types of fuel might
be used. The dependence on coal supplies would be shifted from coking coals,

The first point to note is that direct reduction increases the fuel and
energy requirement to transform iron minerals into raw steel compared to the
traditional blast furnace smelting route. Estimates suggest that direct
reduction of low-gangue iron minerals and arc furnace steelmaking (while
maintaining the aggregate pig scrap ratio of 73:27) would consume at least
one-quarter more energy than the 1970 technology mix of blast furnaces, open
hearths, BOP's and electrics.?°

On the other hand, direct reduction is free to use a variety of fuels,
All of the U.S. reduction plants are based on natural gas or fuel o0il and
steam inputs, to produce CO and H, by catalytic reforming. Rotary kiln
processes can utilize solid fuels to advantage, especially low-rank fuels
such as lignite.

20Including in both cases the energy consumed in making coke, sinter, lime,
and oxygen.
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Any consideration of direct reduction implies an upsurge of arc furnace
melting and a corresponding increase in electric power generation. This
category of energy conversion can be supplied by any of the fuels available
to the electric utility generating industry, but the efficiency of energy
transformation from mineral fuel to the arc furnace charge is low.

The common thread throughout the question of fuel substitution is the
large-scale decline of metallurgical coke if direct reduction is implemented.
The highly developed technology of coal preparation, blending, and coking
now required to make coke of high strength, low CO, reactivity, and tolerable
sulfur and ash contents would become much less important. But coke also sup-
plies byproduct fuels in large quantities. Thus, if coking is abandoned the
fuel equivalents of the byproduct fuels will have to be supplied from other
sources,

The other point to be stressed is the vastly enlarged possibility of
fuel and energy substitutibility for direct reduction. Iron ore reduction is
simply done, in chemical terms; direct reduction processes offer opportunities
to economize on fuel inputs by switching fuels when prices change, exactly as
electric utility generating stations have learned to do.

COLLATERAL FACTORS

Collateral factors now in motion may influence the implementation of
direct reduction. The factors most evident are (1) stack gas injection in
the blast furnace, an alternative to prereduced burdens; (2) continuous
casting of steel, a scrap-saving development tending to change the traditional
mix of steelmaking processes, and (3) direct steelmaking, a radical departure
that would obsolete existing extractive and refining technologies.

Stack Gas Injection

This term refers to the method of increasing the reduction capacity of a
conventional blast furnace operation by injecting hot reducing gases into the
stack portion of the furnace. A crude analogy is that of superimposing a
shaft reduction kiln upon the stack portion of a conventional blast furnace.
Similar to the use of prereduced burden, the coke rate is diminished and
furnace productivity is increased. Experiments to date have diminished coke
rate by more than one-third, equivalent to a 65 percent prereduced burden,
Thus far the experience with stack gas injection has been confined to experi-
mental blast furnaces. The first experiments were performed in the Bureau
of Mines furnace in 1967 (35). The findings have been confirmed in a smallex
Japanese furnace (52).

Stack gas injectionis attractive because it would improve the performance
of conventional blast furnaces and burdens. The method performs the equiv-
alent of direct reduction when and as needed; takes advantage of whatever fuel
choices exist in steelmaking plants, including byproduct fuels; avoids the
problems of handling and storing metallized pellets, and obviates the need
to invest in reduction plants.
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Continuous Casting

All of the activity in the United States and Canada to implement direct
reduction has been linked thus far to electric arc furnace steelmaking. 1In
each instance the steel plant has provided continuous feeding equipment for
introducing metallized pellets, electric arc furnaces for melting and refin-
ing, and continuous casting for the raw steel produced. The blast furnace--
BOP chain of processing has not been supplied with metallized pellets to date,

Continuous casting increases the yield of shipments from raw steel com-
pared to traditional ingot casting. Likewise, it also diminishes the produc-
tion of home scrap, thus increasing the need for purchased scrap or metallized
pellets to balance the charges in steelmaking furnaces. Table 18 displays
calculations of the aggregate shares and amounts of pig iron and scrap con-
sumed per ton of shipments for yields ranging from 66 to 80 percent. The
yields of 70, 75, and 80 percent are hypothetical, reflecting the increased
implementation of continuous casting by the steel industry (shipment yields of
about 82 percent have been reported for continuous casting plants). Table 18
is based on maintaining the existing 73 pig iron--27 purchased scrap split
among ferrous inputs. Increasing yield of shipments connotes less home scrap,
so the aggregate pig-scrap ratio in steelmaking charges increases, from 54:46
at 66 percent yield, to 65:35 at 80 percent yield.

Continuous casting has been adopted widely since 1967; by 1971 the U.S.
capacity had reached 17 million toms (27). The increase in yield will
increase the aggregate pig-scrap ratio in steelmaking charges, and result
in redistribution of the proportions of BOP and EF methods, given the
respective pig iron-scrap percentages of 70:30 and 2:98 that have been main-
tained since 1964, At 66 percent yield the estimated shares would be 76 per=
cent BOP and 24 percent EF. At 80 percent yield, the proportion would have
risen to 93 percent BOP and 7 percent EF., These proportions assume no change
in the traditional patterns of mineral consumption,

The effects of continuous casting on direct reduction likely will be
complex. A straightforward inference from table 18 would call for larger
proportions of BOP-made steel to go with further implementations of continuous
casting, This may determine the course in large integrated steel plants, that
is, the use of smelting-grade reduced pellets in blast furnaces to feed more
BOP furnaces. In non-integrated steel plants the main iron source has been
purchased scrap anyway, so the adoption of continuous casting merely dimin-
ishes the number of heats required for producing a given quantity of steel
product without changing the shares of ferrous inputs.

Direct Steelmaking

Direct steelmaking connotes the conversion of raw materials into steel in
one processing operation. There is a consensus that it will be a major factor
in steelmaking by the turn of the century (56). Before then, exceedingly com-
plex technical problems remain to be solved, Millions have been spent in
research; many more will be required.
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TABLE 18. - Yield of shipments from raw steel and process substitution

Yield, shipments from raw steel...percent.. 66 68 70 75 80
Shipments.e.e.ve..v.... «++o....8hort toms.. 1.00 - - - ~
Raw steel production......... eieveesdoe.a.. 1.52 1.47 1.43 1.33 | 1.25
Ferrous inputs constant:
Pig iron............... e ceesdo..a., .91 - - - -
Purchased SCTaP.seecessvcecvccnseslOnenss 27 - - - -
Total....... i eveeeesdoe. ... 1,18 - - - -
Iron equivalent!................do..... | 1.11 - - - -
Steelmaking:
Pig scrap ratios.e...veeeunnn.. cteecevnseee | D446 [55:45 |56:44 | 61:39 | 65:35
Scrap, total................,.short tomns.. .78 .74 .70 .58 .49
Less: purchased........ cicecesseadOoia.., 27 .27 .27 .27 27
Difference: home....... B e S .51 A7 .43 .31 .22

Iron equivalent®.....vvevsnseeeedoes...

Iron balance:
Inputs...oeve.... Y Lo DA
Home SCrap.e.v.ivveeeeeeecneeeeseedOoeese

.50 .46 42 .30 .22

1.11 1.11 1.11 1,11 1.11
.50 46 .42 .30 .22

Total in......l..............doﬂ....
Output, raw steel®.....e.v0eeveeeedOeees.

1.61 | 1.57 | 1.53 | 1.41 | 1.33
1.50 | 1.46 | 1.42 | 1.32 | 1.24

OQutput, other.....e.ivveeceevesseedOenes. .11 .11 .11 .09 .09

Slag and dust®*............. veriesodoa..,. .08 | .08 .08 .07 .07

Unaccounted®.....o.0veennnrnnns.e.do..... .03 .03 .03 .02 .02
Process distribution:

BOP...... cte it aeeessaasaseaspercent., 76 78 79 87 93

Electric........ Y s [« PIF 24 22 21 13 7

BOP/electric ratioc......... e s icsevensenon 3.2 3.5 3.8 6.7 | 13.0
193 percent of pig iron; 97 percent of scrap; 94 percent of total pig iron and

scrap.

298 percent of home scrap consumption.
299 percent of raw steel production.
45.5 percent of raw steel production.
®2 percent of raw steel production.

Investment decisions concerning direct reduction are affected by the

uncertain impendency of direct steelmaking,

Access to technologic information

and to patent rights is important for avoiding unwitting investment in con-
temporary technology after the corner has been turned on the road to direct
steelmaking. Most of the major steelmaking nations have supported major
research programs reaching back 20 years, but no comparable research program

exists in the United States.
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METALLURGICAL, INDUSTRIAL, AND ENVIRONMENTAL CONSEQUENCES

Metallurgical Consequences

1, The gangue content of iron ore products will become a major factor
in their competitive position. Direct reduction postpones gangue separation
to a later step. Conventional blast furnacing effectively separates the
gangue as a slag. Steel refining processes are not well suited for performing
this separation. The strongest emphasis on gangue control will come from
operators who charged metallized pellets into basic-lined steel furnaces.
Every ton of gangue requires at least 1-1/2 ton