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' SUMMARY

THE IRON AND STEEL INDUSTRY PROCESS MODEL

" The model depicts expected energy consumption characteristics of the irom

and steel industry and ancillary industries for the next twenty-five years by

means of a process model of the major steps in steelmaking from ore mining and

scrap recycling to the final finishing of carbon, alloy and stainless steel into.

steel products, such as structural steel, slabs, plates, tubes and bars. Two

plant types are modelled—fully integrated mills, and mini-mills.

User determined inputs. into the model are:

(a)
(b)
(e)

(@)
()

projected energy materials prices -for the horizon

projeéted costs of capacity expansion and replacement

energy comserving options — both operating modes and investments
the internal rate of return required on projects

growth in finished steel demand.

Nominal input choices in the model are:

: (a)

(b)
(e)
(d)
(e)

Department of Energy base line projections fér oil, gas, distillates,
residuals, and electricity for energy, and 1975 actual prices for
materials

actual 1975 costs

see attachment; new technologies can be added

15% after taxes |

1975 actual demand with 1.5%Z growth/year

The model starts with base year (1975) actual performance of the industry;

then given (a) thru (e) above, the model determines the pattern of operation and



capacity expansion which minimi;es the cost qf meeting the given final demands
for each of<fivé years, each year being the mid-point of a five-year interval.
dutpgt‘éf ﬁhe model includes:
(a) " energy use by type, by procesé, and by time period, both in total and
intensity (ﬁtu/ton)A |
(b) energy comservation- optionms chosen

(c) utilization rates for existing capacity, and the capacity expansion

. decisions of the model.



Energy Conservation QOptions

I. Raw Material Purchasing, Mining and Mine Mouth Processing

(a) 1Increased dependence on imported pellets and concentrates.

(b) 1Increased use of recycle, prompt, and obsolete scrap.

II. Raw Material Processing at the Plant
Y(a) Dry coking process substituting for the conventional wet quenching
process.* (5000)

III. Iron Production

(a) Substitution of coke for hydrocarbons4as a source of BTU's.
(b) Substitution of péwdered coal for éqke as a source of BTU's.
(¢) Operation of blast furnaces at higher temﬁeratures ‘to improve
combustion efficiency (requires relining and rebricking).
v(d) Installation of bell-less tops.
Y (e) Constructioﬁ-of new blast furnaces capable of higher top pressures.
(£) Increase buraen quality by shift to high‘pelleé charges.
/(g) Construction of the so-called "Jordan" blast furnace, which has been
characterized as a coal gasifier with by-product irom.* (10,000)

IV. Steel Productiom

v(a) Higher scrap charges for BOF's by installation of scrap preheaters.*
(4500)
Y(b) Increased use of off-gases from other processes aé a source of BTU's,
vY(c) Substitution of BOF furnaces for the less sufficient open hearth
furnaces.
¥Requires expenditures of R&D before use; amounts, in thousands of dollars, in
parentheses. Source-industry and government estimates.

YQualifies for investment tax credit.



Y(d) Conversion of open hearth furnaces to Q-BOF.

Y(e) Increased use of oxygen injectionm.

/(£) 1Installation of hoods for collection of steel making off-gases on
BOF's, open hearth, and electric arc furnaces.

V. (Casting and Forming

Y(a) Use of continuous casting of slabs* and billets. (13,000)

VI. Finishing Mills

vY(a) Mono-beam reheat furnaces substituting for pusher type reheat

furnaces.* ( )

VII. Energy Conversion Processes
(a) 1Increased use of low quality off-gases by blendiﬂg with higher qual-
. ity gases.
Y(b) Co-generation of steam and electricity.
vY(c) Use of coal off-gas boilers.

/(d) Use of gas turbines for co-generatiom.

*Requires expenditures of R&D before use; amounts, in thousands of dollars, in
parenthecee. Source-industry and govermment estimates.

YQualifies for investment tax credit.



THE IRON AND STEEL INDUSTRY PROCESS MODEL
I.  INTRODUCTION

The model is a dynamic activity analysis model of two types of mills in the
Domestic Iron and Steel Industry* - integrated and mini-mills - whole activities
are based upon the flow diagrams shown in Tablés 1 and 2. Iﬁ order to capture
the bulk of the indirect enérgy used in the industry as well as the direct
energy, the industry model inéludes extraction and transportation of the major
raw materials - iron ore‘mining, concenttating and tranmsportation, coal mining
and transportation, and scrap "mining" and transportation. The two types of op-
erations represented in the model are: (a) fully integrated plants which have
the capacity to beneficiate irom ore,vproduce coke, convert iron ore to iron in
blast furnaces, convert iron to steel by any of four types of steel fﬁrnaces,
semi-finish and finally finish steel; (b) "mini-mills," which convert scrap to
steel in electric arc steel furnaces.

Three types of steel are produced - carbon, alloy and stainless. Cagbon
steel is fabricated inté three classes of products: (a) heavy structural steel,
rails and other bloom.based products; (b) plates, forms and.other slab products;
(c) tubes, bars, and other billet products.. Mini-mills produce a more limited
range of products, production being confined to structural bars and light forms.
The mini—gills compete with the integrated mills for this particular demand.

- The specialty steels aré made only in electric arc furmaces for quality control

reasons.

. ¥This 1is hardly a novel idea: the first to appear in the Operations Research
literature was Tibor Fabian's effort 20 years ago!
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Capital stocks are vintaged, accérding to their ability to be retrofitted
with more modern ancellary energy conservation equipment, as wéli as by size and
age, which are reflected in higher o@erating and mainteﬁance costs for older,
smaller scale equipment. The number of vintages and the number of operating
tgchnology!options-are listed below each process in.Table 1.

The demand for domestic steel, and the SUpply.of both scrap and domestic
iron.ofe are prices'sensitive in the model, in that domestic steel cémpetes for
domestic demand with imports, while Aomestic‘ore competes with ore imports for
the domestic.ore'demaﬁd. The exhaustible nature of domestic ore is reflected byA
constraints on the availability over the 25 year horizon of three "ore bodies,"
each with their owﬁ extraction costs. The supply of scrap's price sensitivity
is based on a recent econometric study done by Hogan and Koeble‘(see Reference
XXIII).

The model is a "technmocratic" model of the ironm and steel industry in that
the industry is agssumed to act collectively so as to minimize the cost of
préducing a given sgt of demands. Thus, it:acts as if it were a cartel or
monopoly, assigning units of output to the least cost available methodAfor
producing it, without regard for who owns the capacity being utilized.

To the extent that the existing steel industry departs from this m§de of

operation, the model departs from a positive description of industry behavior,

and becomes instead a normative model. Certainly some departure from cost-

inimizing behavior is observed in the industry - otherwise, more of the
aller, less efficient capacity of the marginal producers would have been
-aplaced by the large, more modern units of the best practice plants and firms,

‘tead of lingering around the industry, as these units are observed to do.



Nonetheless, market forces to work, even in an industry dominated by large °
firms, and such marginal plants cannot last forever by selling 'below cost” to

meet the competition; soomer or later, they will be closed down, and replaced

- with more modern equipment.

The model has ﬁive periods, each representing the middle year of a five-
year interval; the planning horizom is 25 years. The initial caﬁacities and
demands are those for the industry in the~19i4—75 time period.

The optimization problem is given: (1) the sequence of demands that must
be meg_by domestic productién‘or imports; (2) initial capacities, vintages and
characteristics of the capital stock; (3) current and projécted prices for all
inputs including energy; (4) the available modes of operation for each of the
activities; (5) an estimate of capital availability in the form of retained
earnings and new issues to finance éxpansion and replacement of equipment
(assumed to be a function of the final demand growth rates in the model and the

historical relation between demand and capital availability); to choose the time

sequence of production, capacity expansion, and the capacity retrofit decisions

which minimize the present value of the cost of producing the demand, using as
the discount rate the cost'of capital for the iron and steel industry, taken as
157 after taxes.

Table 3 liéts the energy flows for the entire industry in 1973, expressed
in 106 BTU's per ton of finished steel produced.* Table &4 gives the operating
options, retrofit opportunities, and capacity additions which can potenﬁially
contribute.toltotal energy conservation in the industry, or reduce the
*Derived from data contained in: A Study of Improved Fuel Effectiveness in

the Iron and Steel and Pulp and Paper Industries, Thermo Electron Corporationm,

Wortham, Mass., 1976; prepared for National Science Foundation's Office of
Energy Policy. : : '

10



II.

ITI.

IvV.

TASLE 4

Enefgy Conservation Options

Raw Material,PurChasingL,Mining and Mine Mouth Processing

Increased dependence on imported pellets and concentrates.

Increased use of Tecycle, prompt, and obsolete scrap.

Dry coklng process substltutlng for the conventlonal
wet quenching process.* (5000)

Substltutlon of coke for hydrocarbons as a source of
Substitution of powdered coal for coke as a source of -

Operation of blast furnaces at higher temperatures to
improve combustion eff1c1ency Crequlres relining and

Installation of bell less tops..

Construction of new blast furnaces capable of higher

Increase burden quality by shift to high pellet‘charges. .

(a)
(b)
Y Ca)
Iron Production
@) Btus.
® Btus.
(<)
_rebrlcklng)
y(d)
/(&)
top pressures.
)
/(g)

Consfructlon of the so-called "Jordan" blast furnace,
which has been characterlzed as a coal gasifier w1th '
by~ product iron.* (10,000)

Steel Productlon

Y(a)

/(b)

/()

d)

Higher scrap charges for BOF's by 1nstallat10n of _scrap
preheaters.* (4500) A

Increased use of off- -gases from other processes as a
source of Btus. :

Substitution of BOF furnaces fbf the less efficient
open hearth furnaces.
. -

Conversion of open hearth furnaces to Q-BOF.



VI.

VII.

/(e) Increased use of oxygen injection

Y(f) Installation of hoods for collection of steel making
off-gasses on BOF's, open hearth, and electric arc

furnaces.

Casting and Forming

vY(a) Use of continuous casting of slabs* and billets. (13,000)

Finishing Mills

vY(a) Mono-beam reheat furnaces. subs;ltutlnc for pusher type
reheat furnaces.* C )

(a) Increased use of low quality off- gases by blendlng with
higher quallty gases. _

/(b) Co-generation of steam and electricity.

Y(c) Use of coal off-gas boilers."

Y(d) Use of gas turbines for co-generation.

i

*Requires expendltures of RED before use; anounts, in thousands -
of dollars, in parentheses. Source-industry and government
estimates. o

/Qualifies for investment tax credit.



industry's .dependence upon the hydrocarbons as a source of energy, as well as
indicating which need R&D dollars prior to introduction.

A. R&D and Tax Considerations in the Objective Function of the Model

(i) R&D Considerations

The interplay between investment in R&D, investment in capacity of
a new technology developed by the R&D, and the utilizationm of the technology in

production can be characterized in the following way:

DR, ; t = 2,3....3 XX=xl=0 (1
1 1

ty t .t t-1
C(DRi) a; DR; + 51 $:4

— ]

1if DRE > 0, all DRE =0 for Tt <t

0 otherwise

. where;
'xg = production, using the ith new technology, in t.
t . . . . .
DR, = durable resource investment in t, measured in capacity units of
X (Assets are assumed to have finite life.)
t . e . t . - . .
’ C(DRi) = total cost of investing 1in DRi units, including capital and
R&D costs.’
t . PN A
ai = capital cost per unit of DRi'

11



$i = the fixed inveé;ment in R&D neceséary to bring technology»to the
market.
S: = the {0,1} integer variable.

The neceésary lag betﬁeen the R&D expenditure and the subsequent
investment allo#ed in capacity isAreflected by requiring the R&D expenditure to
precede by onme period the investment in capacity. This is in-addition to the
usualAconSCruction lag which séparates the period when the investment decision
is made and the initial utilization of that capacity.

The net effect of the {0,1} wvariable Sz'is to require that $i be
spent one period prior to the first investment in capacity, and two periods
prior to first utilizing the capacity; once incurred, the only costs thereafter
are the costs of capacity expansion and oberation; The introduction of these'
fixed charges makes the cost structure non convex, causing the usual
computational problems associated with such formglations.

This formulation permits the model Ebnhandle investment in durable
resources using proven technologies and durable reééﬁrces which needvR&D before
use in a  symmetrical fashion. The only difference is in the necessi;y of
spending the fixed cbarge $i' 1f the technology.is already is use, then 5; =
0 for all t.

No ;reatﬁenc of the R& investment problem without explicit con-
sideration of the uncertainty surrounding such projects is ever entirely.satis-
factor&. However; the set of R&D projects typically found outside agencies such
as the National Science Foundation are usually heavily in the Development, rath-
er than the Research end of the spectrum. The projects funded by enmergy
agencies are no exception to this rule; thus a model where the results of such

investments are assumed certain (or more exactly, where the uncertainty associ-

12



ated with all projects is approximately the same) may not do much violance -to
rea;ity.

The notation used to distinguish between old and new technologies
is to paftitioq'the‘set M of technologies'(durable goods investments) into two
subsets: - the existing technologiés in the set M - Ml’ which do not require any
additional expenaitures beyond the cost of purchasing capacity-units to add to

capacity, and the new technologies in the set M., which requires the expenditure

1’

of $i before any units of capacity can be put in place.

(ii) Tax Consideratioms

The objective function which is minimized is the after-tax cost of
meeting the demands.

The.after tax cash expenditurg flow in any period‘t is of the form
1-1o Ext - TDt + atDRt, where T is the pfofits‘tax rate, EXt tbtal current
expenses in t, pt allowed depreciation in t and atDRt total expenditures on
durable resources in t.* For tax purposes, R&D costs will be ;reated as durable
goods and will be. depreciated over-a period equal to the life of the equipment
developed. - |

In any given period "t," then, the objective function for the

firms would be to minimize:

. t- t _t t t
Zi (1 -1 EX, + ziaiDRi + i&l Gisi Y z D{ (2)

*To see this, suppose revenues in t are R. Then after tax cash flow profits
are revenues, less current eXpenses, less profits taxes, less durable good
expenditures: ~(assuming profits are positive). '

13



The first term représents the after tax operating expehses for all technologies
of the firm in t; the second, expenditures on capital equipment in t for all
'technplogiés; the third R&D expenditures in t for the new (Ml) technologies; the
fourth,

(R" - =) - t@®" - &x* - pF) - o"mR" (3a)
If demand must be met at fixed‘prices, R is constant, and maximizing (a) is
equivalent to minimizing (b);

@

(1 - 1) EX® - " + apr® (3b)

allowed depreciation om all capital expenditures prior to t (assuming
depreciation is not allowed in the year of purchase) expreSsed as the reduction

in tax liability. 1In the dynamic formulation, the private sector would discount

" "

future expenses by the cost of capital "r,”" and the fim would minimize the
present value of (a) over a given planning horizon.

B. The Use of Activity Analysis in the Private Sector Model

The heart of the problem is to model the cost minimizing response of
-the private sector in such a fashion that all of the various substitutabilities
and coﬁplementarities which exist in the production chain are éxplicitly spelled
out. The methodology used is activity analysis.

As Table 5 shows, activity analysis has four building blocks; the
"primitives'" of the methodology, thg activities themselves, which transform re—

sources, or inputs, into products, or outputs, by means of a set of

14



VVVVV

" ACTIVITY ANALYSIS

1. A set-of Activities [xl, xz, ...k....] which produce distinct products, or outputs.

2. A set of resources {1,2,....4....m] used by these act1v1t1es, the availabilities [bl'bz""b
these resources, and a set of prices [Pl,Pz, Pi .P ] that give the cost per unit of each resources for
additional units of resource.

3. For each activity, a set of technologles [xu 12<' “xlj("'XNk'] to produce' the output of activity k; each

technology is characterized by a column vector whose elements a\IiCj give the units of the im input required

k

per unit of the j—— technology for activity K. Each activity is characterized by a matrix A’ the collectxon

of technologxes for the kt—h— activity. (aij < 0 denotes an output of a technology).

4. A set of final products [1,2,. ..P], KeK .., and a set of

demands [R RZ' . RP] for each product which are made price sensitive by including penalty costs

for unmet demand, and/or the possibility of increased import substitution as domestic costs increase.

5. The resources are of three types: purchased lnputs acqulred from outside that are embodied in the

product, intermediate products that have been manufactured in ‘prior steps in the production process that

are likewise embodied vin the product, and durable resources (capital équipment) that are not dfrec'dy

consumed by the act of production. The unique characteristic of durable resources. is that the p‘urchase of

a unit in time t makes that unit avallablé in an interval [t,.‘..T]; the lifetime of the equipmeht.

TABLES



technologies, which represent alternate ways of obtaining the output from the

set of inputs.

Resources can be categorized into three types: (a) purchased inputs

indexed in the set I, (labor, material) acquired from outside the firm or orga-
nization at some given price or price schedule; (b) intermediate products, when
they are the products of some aétivity within the firm or organization indexed
in the set f and in the set ﬁ when considered as resources for subsequent
_activities; and (c) durable resources, or equipment, whose capacity is utilized
by the activity, indexed in the set M - Ml_for e#isting technologies, and Ml for
new technologies. ’Duraﬁle resources have the distinct characteristic that addi-
tions to the stock of durable resources add to the capacity in all future.time
periods until the eqﬁipment is retired. The availabilties of the reso;rces in
.all instances represent the stock of such resources on hand at the beginning of
the period in question. They can be augmented during the period for the caseof
purchased inputs and intermediate products, but only with a lag in the case of |
durable resources. The lag représents thé‘delay between the decisibn to invest
in new capaéity and time when the new capacity becomes available for utiliza-
tiom. |

Four types of activities indexed on k are distinguished in the models:

purchase of non-durable resources, denoted by PI ‘purchase of durable re-

kel’
sources, DR, that either require (keMl) or do not require (ksM-Ml) R&D expendi-
tures prior to purchase; production activities which transform resources into

intermediate outputs, denoted by X?, k in the set ﬁ, and activities that

. . . k ..
transform resources into final outputs, again denoted by Xj’ but k is in the

set K.

i5



Constraints indexed on i are of five types: accounting constraints i€l

‘which insure that the total utilization of a purchased input equal the total

purchase of that input; capacity constraints i€M which require that the level of

. . . ' . . . .
an activity not exceed its capacity; materials balance constraints ieM which
insure that the input requirements for intermediate products equal their produc-

tion from prior activities; demand constraints igK which insure that activities

which produce final goods produce an amount sufficient to meet final demands,
and variable counstraints, which insufe non-negative of integer values for the
variables in the problem. |

Typically, this optimization problem ié a dynamic problem; i.e., the
problem is to choose fof n periods the mix of technologies, et al., that will
meet the sequence Rl, RZ,,..RT of time specific requirements at minimuﬁ cost,
Cost then, is taken to be the present value of ali costs over the horizon of n
periods, with appropriate adjustments for the presence of the corporate income
tax.

Since each technology has associated with it a set of resource require-
ments.expressed in tefms of units of capacity utilized and units of purchased
inputs and intermediate products consumed, each has a cost. The optimization
problem associated with the activity analysig is to choose that set of the ac-
tivities; and set of technologies for the activities which satisfies the demand
specified for the final products at minimum cost.

Choice enters the model via several routes: first, there may be sever-
al different combinations of activities which cam produce the given product,
each representing a different sequence of combination of activities. Second,

even if there is a unique combination of activities which produce the product,

16



there may be many possible technologies which can be chosen to accomplish each

activity.
Equation (4) gives the statement of the private sector problem: the
energy consumption pattern "PIE" is split out: in the objective function for

use in the analysis of the model.

17



II. THE INTEGRATED MILL MODEL

The model is presented in 12 sections, each dealing with a major process
block in Table 1.

A. Iron Ore Mining, Preparation and Shipment

Due to the variability of iron content in various iron ores aﬁd the re-
quirement for inputs into the blast furnmace with certain physical atfributes,
iron ore preparation is essential to the iron and steel makiné process. Prior
to the 1960's, the bulk of U.S. iroﬁ ores were limonite and hemitite, with high
(# 60% Fe) iron content. Depletion of these ore sources has led to: (a) the
use of relatively low grade (30% Fe) magnitite-bearing Taconite which is
pelletized to increase the Fé content; (b) an increase in imports of higher
grade iron ore. 1In 1974, the U.S. imported 35Z of its iron ore (60%Z Fe) needs
with 50% of the imports from Caﬁada and 33% from Venezuela. 95% of domestic
ores require beneficiation and agglormeration into pellets or sinter with an
iron content of 60—652.Fe.1

As many investigators have pointed out, this gradual exhaustion of
domestic ore reserves will have a profound effect on energy use in the iron and
steel industry, since the higher cost per ton Fe equivalent of imported ore and
pellets will alter the cost minimizing hot iron/scrap ratio. We have included

in the model two import options: pellet imports and ore comcentrates imports.

Lpet. XVI, p. vl

18



" pellets (63% Fe) are assumed to arrive at lower lake ports at a 1975

delivered price of'$30.00/ton.1 1975 ore concentrate prices (51.5% Fe) are

assumed to be $18.75/ton.

All imported ores are assumed to be shipped by rail to the mills at a
1975 price of $.62 per toun (based on a 25% esculation in shipping costs since
1973). The only domestic energy charge is the BTU requirement aésociatedAwith
this transportation, estimated at 0.08 x 106 BTU per ton by Battelle.2

" Domestic ore production is also in two forms - Pellets, and

Concentrates. Energy and ﬁaterials consumption per toﬁ of pellets is as re-
po;ted by Battelle3 on page A-4 with labor and maintenance costs taken from
Russell and Vaughan.a Ore concentrates consumption patterns per ton are based
. on Tables A-3 and A-5 of the same Battelle document.3

Costs for domestic ore activitie; are based on the same data used to
estimate delivered import prices, with a fixed $1.00/ton differential to reflect
preference for domestic ore by domestic iron and steel pto&ucers. The entries
in the objective function for domestic ore production are "ore rent residuals,"l
in that they are calculated by subtracting from market prices (which. include
rents on nonrenewable resources) the costs of the mining and processing variable
inputs and an egtimate of the capital recovery cost for ore processing. They
-thus represent the residuai which accrues to theﬁowners of the ore bodies them—

selves, to pay for exploration and development costs plus monopoly profits.

l1975 Minérals Yearbook, p. 727
ZRef. XIV, p. A4

3Ref. X1v

4Ref. X1
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-Dcmestic ore bodies are exhaustable, and of varying quality. Estimates
by the Bureau of Mines, are that approximately 9000 million tonms of high grade
ore remain in the United States which are minable at or near current costs.
Further ore could only bé obtained at higher cost. To reflect this, the model
distingpishes between three domestic ore types:

(a) Ore similar in quality and cost to that now mined; cost per deliv-
ered ton is $23.00, and the quantity available is 4,500 x 106
tons. | |

(b) Lower quality ore, costing $38.00 per ton to mine, with 4,500 x
106 tons availablé.

(¢) Lowest quality ore casting $50.00 per ton to mine, with 100,000'xv
106Atons estimated to be available. (This constraint is never
binding.)

North American reserves (mainlj Canadian Taconites) amount to 36,000 x

10‘6 tons;l hence no.constraint.is placed upon the amount.of ore or‘pellec
imports over the 25 year horizom.

Iron ore preparation consists of pelletization which occurs at the mine
mouth and sintering which takes place at the integrated plant itself.
Pelletizing occurs at the mine mouth because there is a 50-65% residual from
the crude ore which, if transported, would make transportation costs prohibitive.
A further advantage of mine mouth’ pelletization is the pellets' resistance to
crushing which allows them'to be transportea over long distances, if necessary.

The fuel sources used in the process of pelletization are oil, natural

gas, and electricity with oil and natural gas being substitutable depending upon

lRef. XVI1I, p. 303
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avaiiability and price. According to the Battellel feport, Table A-4,
pelleﬁization uses a total of 1.6 x 106 BTU per tom pf pellets for concentration
‘and pelletizing. Inclusion of the ore mining and mine mouth ore processing in
the model while nétessary to evaluate the full impact of energy conservation
measu:eé raises some BTU accounting problems, since min{ng and ore processing
are not reportgd in SIC 3312 (the Iron and Steel SIC), but in SIC 1011l. Hence,
the enérgy consumption per ton of steel reported here includes energy which
other analyses exclude, which agcounts for éur élightly higher energy/ton
figures. Discrepancies between commonly reportea figures and this analysis are °
noted in the text.

The sintering operation, which is necessary to convert ore fings into
chunks suit#ble for feed into the blast furnaces, is based mainly on data con-
tained in Russell and Vaughan2 and the other sources indicated in Table 6. Cur-
rent sinter capacity is 47 milliom tons.3 The inputs to the sinter process are
a mix’of.iron bearing materials such as sludge, ore fines, and'flue dust, and
ignition fuels such as natural gas, coke oven gas, and oil.

Ignition fuels consist of 50% natural gas, 47% coke oven gas (0.5 x 103
BTU per f£3), and 37 #2 fuel oil. Electricity is utilized.in the opération of
the sinter process for power fans, drive equipment, etc. Agglomération of iron

ore fines is necessitated by the fact that otherwise, ascending gas in the blast

furnace would discharge the particulates out the stack.

lRef. Xv1
2Ref. X1
3

Ref. XV, p. A-5
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After ignition of the mixture in the siﬁterAplant, combustion causes
thé agglomerating pérticles to form a cake wﬁich is then quenched with water and
broken inté pieces of about 4 diameter for introduction into the blast furnace
(the irom content now approximaﬁely 60%Z Fe).

There has not been much attention given to fuel comserving optioms in
the process of pelletizing énd the sinter processldue to the sqall consumption
of energy relative to the iron andlsteel making procesé. AOne technique which
may be adopted given the scarcity of naturél gas is the employment of coal fir-
ing, at pelletizatioq plants. Some recent preliminary investigations™ reveal

13 BTU of o0il and natural gas per year for a

fuel savings on the order of 4 x 10
complete conversion at all pelletizing plants, at a cost of around $3.00 per
BTU® for the coal gasification plant.

Table 6 summarizes the data currently entered in the model for iron ore
mining, preparation and shipment. The Roman numberals rgfer to the various dat;

sources used to arrive at the numbers; their listing is given. The

abbreviations refer to the language used in the matrix generator accompanying

- this report.

B. Coke Production

The destructive distillation of a blend of coals in the coke ovens at
1650-2000°F produces a carbonaceous residue known as coke, the primary fuel for
the blast furmace, which in turm is the source of iron for the steel‘making
furnaces. Since the coke supply situation is one of the major problems facing

the steel industry, a discussion of the source of coke is warranted.

lref. xvi, p. v-13
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In the‘blast furnace a chemical agent is required to reduce the oxides
of iron to metallic ironm; this agent is carbon which is provided by coke. For
the production of coke an expensive low sulphur bituminous cokiﬁg coal is
required. With ninety percent qf the U.S. reserves of low sulphur bituminous
" coals (located in the western part of the U.S.) not suitable for coking, the
scarcity of coking coals is unquestionably a growing issue. Although a solutiom
to this perplexing problem has been proposéd (as we shall see later), there is
not, as of yet, an economic methqd for producing coke from nonfcoking coal, Of
the remaining 10Z of U.S. fesérvés of low suiphur bituminous coals that are
suitable for coking, 80Z are located in'West'Virginia and Kentucky. The optimél
blend of coals, as reported by Thermo Eiectron,1 is 60% high volatile c¢oal and
40% low volatile coal. At presenﬁ; the average mix 'is 664 high volatile, 16%
medium volatile, and 187% low volatile. If only high volatile coal were used,
coke‘of a poroug, weak nature would arise whereas the desirable characteristic
is a fifm, cellular mass of coke - which ié a feature not possible with all
bituminous coals. Two otﬁer desirable properties of coking coals are a low ash
and sulphur content (about 8.1% and 1.3%, respectively); use of high ash and
sulphur content coal will result in added slag in the blast furnace, increased
coke expenditurg, and decreased production. It should be noted here that coke
consumption is almost directly proportional to output in the integrated steel
" mill, with the elimination of the hydrocarbon injectant modes pf éperation.
Another relevant fact that is contributing to the:integrated steel mill's prob-

lems is that the utilities are vying for low sulphur coal due to the scarcity of

1Ref; X
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natural gas and tﬁe envirounmental protectioq 1awsf. Therefore, the problem of
scarce supply of.bituminous low suiphur coking coals has been coﬁpounded.

The proces§ for manufacturing coke is.as follows. A preparation facil-
ity receives the various coals suitable for coking, pulverizes and blends the
high volatile, medium volatile, and léw volatile coals to thé requisite
~ proportions. The crushed coal is transferred to the slot ovens located within.

the boundaries of the plant site and charged into the "by-product” coke ovens
(so named '"by-product" because of the recovery facilities for collecting the
by-products such as light oils, tar, ammonia, and coke oven gas). 'Ccmbustion
-air is heated in regenerators and mixed with under-fire fuels (of which 40% is
recycled coke oven gas) for burning in the combustion chamber. Under normal op-
erating conditions, the chérge is heated 14-16 hours after which the coke is
forced into waiting cars where it is water quenched to prévent coﬁbustion,»lA
significant portion of the sensible heat is lost here (approximatel; 1.4 x 106
 BTU per ton of coke) which can be recovered. After cooliﬁg; the céke is crushed’
and screened. The major portion of the coke is then transmitted to the blast
furnace and the reﬁaining fines are conveyed to the reclamation plant'wﬁere this
‘coke breeze is utilized as a fuel in the sintering operation. In summary, the
outputs of the coke oven are: 1) coke, 2) a mixture of H, and CH, called coke
oven gas with a heating value of 500 BTU per.ftB, 3) coke breeze, and 4) light
oils and tars.
The primary problems of the steei industry vis-a-vis coke are as
follows:
1. a dwindling supply of suitable, low sulphur bituminous coking
coals, |

2. a decreasing quality in the constituency of coke,
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5. coﬁpetition with utilities for bituminous coals, and

4. loss of sensible heat in the water queﬁching of coke.
The loss-of-sensible—he;t problem and the decreasing-quality-of4cpke problem can
be somewhat obviated by a process called drquuenching which has been used with
some success in Europe and the U.S.S.R., and is an option in the model. ‘The dry
quench process differs from the wet.quench process in that the hot coke is
dropped into a cooling chamber where by various means combustion is prevented
and the coke is cooled, saving 1.2 x>106-BTU per ton of coke.l Capital costs
are $123/ton2 for wet coking, and a cost of $15/tonvfor retroéitting wet coke to
the dry coke process.

Table 7 displays the portion of the matrix gemerator dealing with coke
production, and the references. - | |

C. Biast Furnace

The primary function of the blast furnace is toAproduce pig irom for

' inCroductidn into the steel ;aking furnaces. The process of'manufactur{ng pié
iron involves input of a burden which may comnsist of agglgmerated ores (pellets
and/of sinter), lumped ores,Ascrap, and limestone and input of coke which
sﬁpplies carbon monoxide gas which in turnm combines with the iron oxides to form

CO, gas and pig iron. The output of the blast furnace is pig irom, slag (formed

2
from limestone combining with sulphur and other impurities), and an offgas with

a heating value of 95 BTU per ft3. During the process of making pig iron (which

is tapped every three to five hours in quantities of 300-600 tons), the blast

lRef. XVIII, p. 28
2Ref. XX

3Average of costs given in Ref. XVITI and Ref. XVI
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furnace offgas is directed to a boiler which produces compressed air via a steam

powered biower; Funneling the air through the four or five hot blast stoves
providés for the necessar& heat fequifed in the blast whi;h is blown in at a
temperature of 1200-2000°F at the tuyeres near the bottom of the blast furnace.
Aftervtapping, the pig iron is transported to the steel-making furnaces,. |

Being the largest consumer of energy (41%) in the irom and steelmaking
process, the blast furnace hgs received much attention.

Althdugh the reduction of energ§ consumption in the blast furnace has
been a target of numerous investigations, the primary purpose h;s Seen to
examine methods by which the coke rate can be lessened, rather chén a reduction
in total BTU use/ton. Nominal average values of energy and non—-energy inputs
are those found in Referénce V, p. 69.

Some systems for lessening the coke rate do not necesgarily result in
a lowering of the energy consumption per ton of pig iron produced. ' Various
reasons for the coke rages having Eeen reduced in years past are as follows: -

‘1. installation of nmew blast furnaces with high top pressures,

2. improvement of old blast furnaces by retrofifting operations,

3. 1increased air blast temperatures,

4, optimization of burden, and

5. injection of hydrecarbonas.

All these options are included in the model.

(i) Higher Top Pressures

The majority of blast furmaces operating today were installed
prior to the 1950's and tend to operate with a top pressure of around S psig.
The average coke rate of 1200 1b. coke per ton of pig irom can be reduced if

the top pressure is increased., Thermo Electron reports that at the optimal wind
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rate; savings will ‘amount to 100 1b. coke per ton of pig iron. With the instal-
latibn of‘neQ blast furn;ces, it isVPOssible'fot the design to allow for higher
A top pressures. It is noteworthy that the Japanese have blast furnaces operating
with top pressures as high as -32 psig. Capital costs of such new furnaces are
assumed to be $46/annual ton of capacity,

(ii) Higher Temperatures

Relining and rebricking in existing blast furmaces allows for
_ increased air blast temperatures. From 1958 to 1968 the average blas; tempera-
ture has increased from 1230°F to 1550°F. This decreases the coke charge by
about 30 1lb/ton for each 100°F increase in blast femperature; temperatures of

2200°F are considered obtainable with relining at a cost of $5/ton capacity.l

(iii) Bell-less Tops

Optimization of burden is most easily achieved by utilization
of bell-less tops. Three distinct advantages arise from the use of bell-less
COps; 1) coke rate is lessened by 30 1b. coke per ton of pig irom, 2) low
capital costs due to the structure of the bell-less top, and 3) the mix éf the
burden input is controllable. Capital and installation costs are assumed to be
$18 per tonz, although only 154 of existing furnaces can take the pfessqres.
Additional savings might be achieved by installing expansion turbines at a cost

of 600/700 dollars/KW.

leef. x, p. 5-17.
2Ref. X, p. 6-9

3Ref. XVIII, p. 50,52
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(iv) Hydrocarbon Injection, Coal Injection

| Another means of feducing the coke rate is injection of hy-
drocarbons (mainly natural gas and oil). With approximately 70% of the blast
furnaces in the 'U,S. injecting_hydrocarbons, the results are consistently éimi—
lar, }.e., a decrease in thermal efficiency and an increase in energy consump-
tion #er ton of pig iron produced. - However, as the supplies of natural gas
dwindle, more steelmaking concerns are attempting éo-utilize pﬁlverized coal as
the main injectant into the blast furnace at the substitutable rate of 0.78 1b.
coke per 1b. of coal up to 28% of the coke input.l Capital costs for the coal
pulverizing equipment are assumed to be $7.00 t:on.2

In summary, it should be pointed out that the scarcity of low

. sulphur bituminous coking coals has preempted the search for methods devised

primarily to reduce total energy consumption in the blast furnace.
The blast furnace is quite versatile, being able to accept a

variety of charges (mixes of scrap, sinter, pellets, lump’ore) with little

‘change in performance. Russell and Vaughau3'specify a wide range of charges on

several blast fgrnace types. In this model only three tyﬁes of blast furmaces
are included: -

(a) those built prior to 1950. (amounting to 40 milliom tons
capacity) which because of their limited ability to withstand either high tem—
peratures or high pressures are allowed only one (low pressure and temperature)

mode of operation. 1In addition, in order to reflect the possibility that coke

1Ref. XVI, p. VII-4
ZRef. XVIII, p. 38,44

3Ref. X1
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might replace hydrocafbon injectants in ;hese-old fﬁrnaces, the nominal input
mix given‘in Ref.AV, p. 69 was podified so thaﬁ coke input replaced all
injectaﬁts.

(b) those built affer 1950 (80 million toms capacity) which
have several op;iohs: |

i) a choice of burden mix - full pellet, high pellet,
high sinter, high ore
ii) a choice of BTU sources - high coke, hydrocarbon
injection
iii) a high t3mpera£ure optién (requiring retrofit-
relining at a cost of $5.00/ton)
iv) a bell-less top option (requiring retrofit-the top
itself costing $18.00/ton)
v) powdered coal injection (requiring constructioﬁ of
a coal pulverizgr at a cost of $7.00/ton)
vi) a low energy use mode of operatiom suggested by the
International Iron and Steel Institute.
Not all combinations of (i) to (vi) are allowed - hence only 14 combinations
appear in the model.

(c) the Jordan blast furnace, which is really a coal
éasifier with by-produce iron produced during the operation, which co;ts $8§/ton
annual capacity. (Ref. XI)

'Table 8 lists the options and the sources of the data uti-
lized in modelling the Blast Furnace Activity; the folloﬁing codé explains the

abbreviations given in Table 8,
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LONM.

MONM

HONM

50BF
JORD

IIST

LOHI

MOHI
HOHI

LOHT

MOHT
HOHT

LOPC

MOPC
HOPC

LOBT

»

Code for Tablé 8

Blast furnace withilow lumped ore input. (.2 toms ore, .97 tons
pellets, .46 toﬁs sinter - approximates AISI 1976 figures)

Blést furnace with medium lumped ore input. (.4l tons ore, .76
pellets, .46 sinter - approximates AISI 1974 figﬁres)

Blast furnace with high lumped ore input. (1.17 toms ére, .46
ton§ sinter)

1950 Blast furmace. (gse only MONM)

Jordan blast furnace

Int'l Itdn and Steel Institute furnace. (1.16 tons pellets, .46

tons sinter)

'Blast furnace with low ore and hydrocarbon injectants. (coke

charge reduced from .6 tons to .4 toms by injection of equiva-

lent BTU value)

"Blast furnace with medium ore and hydrocarbon injectants

Blast furmace with high ore and hydrocarbon injectants
Blast furnace with low ore and high temperature. (hydrocarbon .
injection plus relining required)

Blast furmace with medium ore and high temperature

- Blast furnace with high ore and high temperature

Blast furnace with low ore and pulverized coal. (.78 1b coke
reduction per 1 1b coal up to 28% of coke input)

Blast furnace with medium ore and pulverized coal

Blast furmace w@tﬂ high ore and pulverized coal

Blast furnace with low ore and bell-less tops. (.02 ton coke

reduction if retrofitted)
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D. Direct Reduction

These Are'basicaily_two type§ qf direct'reductién.processes: gaseous
dirgct reduction and solid direct reduction. In gaseous direct reauction the
reductant for removing oxygen from iron is a gas, eithef hydrogen or carbon mon-
oxide. In solid direct reducﬁion processes the reductant is usually 5lsolid
carbon. An ideal irén ore for use in a direct reduction process would have an
iron content of near 60 percent. Substéntial amounts of this type of ore do
exist and if a "run~of-the-mine" ore caﬁnot be used, beneficiated ores can.

Both types of direct reduction processes are shown in Figure 1. The
gaseous reductant process is the MIDREX PROCESSI’2 named by the Midland-Ross
Corporation. The solid reductant process is the SL/RN process, an acronymic
name for thé four companies which developed it. 1In both processes the product
yielded is from 92 to 95% metallized.

Several advantages of directly reduced iron ére are:

1. cheg%cal cé;position is known' exactly;

2. ’chemical composition is uniform;

3. contains no undesirable metallic impurities;

4, easy to transport and handle;

5. increased stegl furnace productivity;

6. direct reduction-electric furnace facilities can be constructed

more quickly than coke oven-blast furnace-basic oxygen facilities.

lget. XXVII
“Ref. XXVIII
3, e

Ref: XXIX
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Some studiesl’2 have ;hown that for small plants the economic
advantages of the SL/Rﬁ electric furnace route are favored wﬁereas>for large
plants (defined as greater than 2.5 x 106 tons per year) it is most economical
td construct blast furnace-basic ox&gen faci;ities. Of the two'types of direct
- reduction processes, the SL/RN is favored in the U.S. since the solid reductant
utilized is coal and gaseous reductants such as natural gas are becoming more
scarce.

In the integrated mill, the Midrex Process is available, usihg
pelletized ores of 60% Fe cénteﬁt to obtain a product of 92% metallization3,
thus requiring 1.53 tons of pellets/ton of sponge ore. Fuel consumption is es-
timated at 12.7 x.106 BTU/ton3 for the process, at a cost of $92,30/tom of
sponge ore produced.

The modqliallows sponge ore to be charged to any steel process -ele-
ctric arc, open hearth, or BOF - even. though Qotldwide practice is restricted to
the electric arc or the blast furnacef4 |

In additionm, thé SL/RN solid reductant is avail#ble as an option in the -
mini-mill, using coal as the solid reductant: the inputs are based on the ref-

erences cited, plus the cost breakdown in Reference XIX, p. 85.

Ref. XX
2
Ref. XXXI
3

Ref. X, p. 5-6.

“Ref. XIX, p. 61
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Table 9 gives the data found for the direct reduction process in the
matrix generator. Additional capacity over the 1.1 million tons now in exis-

. 1
tence is assumed to cost $140/ton.

E. Open Hearth Furnaces

Prior to the 1970's, the mainstay of the irom and steel industry was
the open hearth furnace. Due.to ecénOmic congiderations and the energ& crisis,
a new workhorse, the basic oxygen furnace, has emerged. 1In 1973, 55% of the ca-
pacity was basic oxygen, 27% was open hearth, and 18% were electric arc
furnaces. The fundamental process in all the steei’furnaces.is one of convert-
ing the major inputs of pig iron and scrap via oxidation into molten steel.

In the open hearth furnace whichlconsists of a rectangular refractory
hearth enclosed by refractory lined walls and roof, scrap is first charged ac-
companied by a small amount of limestone. After the fuel has been ignited and
the melting . of charée has begun, the proportioned amount of pig irom is charged.
High purity‘oxygen is blown in. After various minor operations the molten steel
is tapped for a total cycle time of from eight to twelve hours. The predominant
characteristics of the open hearth process are:

1. ability to be charged with up to 100% scrap,

2. abiiity to be retrofitted by Q-basic oxygen process,

3. total tap to tap time of approximately eight hours and,

4. decreasing usefulness because of emergence of basic oxygen process

(output decreased from 100 x 106 tons of raw steel in 1964 éo 40 x

'106 tohs.of raw steel in 1973).

1Ref. XIX, p. 85

ZRef. XVI, p. VII-3l
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The model'has three(types of open hearth furmaces:
(a) thé small relativély‘old vintages with 1 million tons of aggregate
capacity |
(b) small units built since 1945, amounting to 15 million tons capa-
city |
(¢) 1large units built since 1945, amounting to 34 million toms of
yearly capacity
(These data were taken from Reference XV, exhibit A-5.) Energy and
non-energy inputs are as reported in Reference V, p. 70, with the following ex~
ceptions. First, a high gcrap option (.75 scrap, .38 pig irom) is available for
all vintages as an alternative to the nominal mix in Referen;e v, (.51 scrap,
.62 pig_iron). When this option is chosen, an additiomal .2l x lO6 BTU is
‘assumed ﬁecéssary to heat the scrap. Second, oxygen injection is available oﬁly
in the large units built since 1945, and the addition of 2 x 103 Et3 per tomn is
assumed ;o-reduce'hydrocarbop inputs by 1.4 BTU6/ton. Electricity inputsAin-
crease by .14 kwﬁ3/ton whén this option is‘used; Third, nominal electricity,
steam (net-use minus by-product steam output) by-product fuel (coke oven gas and
tars) and natural gas and oil use per ton figures'are as reported in ﬁefe;énce
X, p. 4-7. Fourth, labor and maintenance costs are as reported in Reference XI,
the Russell and Vaughan effort. Finally offgas, oxygen, and waste heat numbers
are as reporﬁed in Reference VII. The terms in the objective function are to
reflect the higher cost of operating_the older, less efficient equipment.
fable 10 gives the portion of the matrix gemerator applying to the open
- hearth furnace with the data sources.
New investment.in:open hearths}is allowed in the model at a capacity

cost of $36/ton, given in Reference XX. Further, early and average open hearths
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can be converted to Q-BOP's at a cost of $12.50 per ton, given in Reference X,
pP. 5-29, assuming the cost of .a BOF is as reported in Reference XX.

F. Q-BOP Steel Process

A new process called the Q-basic oxygen process had a worldwide capa-
city of 19 x 106 tons ber year in 1973, of which nearly 10 million toms is in
the United States.1

The difference between the QBO and the BO process is that oxygen is
blown in at the tuyeres located at the bottom of the QBO furnacé. Other notable
differences are: |

1. hot getal yield incrgaée‘of 2% because of less spillage,

2. 1oweréd capital cos£§ as opposed to'BO furnaces (lessened overhead

structure requirements),

3. productivity increase of 10%, and

4, increased energy consumption per ton of raw steel (as compared to .

the basic oxygen furnace) due to the necessity of using an addi-
tional .168 BTU6/ton of natural gas in the process.

The input valﬁes in Table 1l reflect the above adjustments to the input
figures for the BOP nominal oberating values.

One energy conserving option -~ the installation of offgas recovery
hoods is included in the model. It permics che reclamation of .42 BIU /ton

offgas at a cost of $5.00/ton annual capacity.3

lRef. X, p. 5-32
2Ref. X, p. 5-32

Ref. X, p. 6-24, and Ref. XVII, p. 69-74
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New Q-BOP capacity can be pﬁrchased at $20/ton, and old open hearth ca-
-paCity can be retrofitted at $12.50/tpn annual capacity, according to Reference
X, p.‘5-29. |

Table 11 is the section in the matrix generﬁtor dealing with the
process, and gives the references for all the contained data.

G. Basic Oxygen Process Furnace

The design of the basic oxygen furnace differs greatly from the open

- hearth furnace. The basic oxygen furnace is a pear shaped vessel which at the

beginning of its cycle 1is tiited at a forty-five degreé angle to firstly
accommodate a scrap charge (up to 30% of charge), secondly to receive the molten
pig iron charge. After the ladle is uprighted, high purity oxygen is injected
by means of a water cooled lance located at the top of the vessel. Maintaining
the melt at 2500;2900°F, chemical reactions take place after which the molten
steel 1is poured ;;to transfer cars.for transporting either to an ingot pouring
platform or to a continuous casting machine. The tremendéué advantagg of the
basic oxygen furnace is its total cycle time which is_approximately éorty-five
minutes; this results in total cost savings in the order of 12 to 15% over the
open hearth, despitg higher material costs.l With basic oxygen furnaces

replacing open hearth at a rapid rate and with the limitations on the amount of

scrap which can be charged into a BO furnace, integrated plants are relying upon

‘the electric arc furmace to process the excess scrap. The prevailing character-

istics of the basicloxygen furnace are as follows:

lRet. xvi, p. 7
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1. increase in output from 17.5% of total steel production in 1965 to

6 .
BTU per ton

55.5% in i973 (causing a decrease from 3.2 to 2.3 x 10
of raw steel due to'BTﬁ's saved in the .switch from OH's to BO's),

2, cycle time of 45 minutes which results in a significant increase of

output per unit capital (as compared to an OH furnace),_and

3. a better abilify to have offgases captured with offgas hoods with

savings of .75 x 106 BTU per ton of raw steel.

As in the case of other equipment, differing Vintages of BOP's have
differing characteristics. The model distinguishes between three vintages: (a)
those small iﬁstallations»built prior to 1961; a million-;ons of éapacity are
still operating; (b) those built in the 1961-1968 period, amounting to 54
million tomns capacity; (c) those built since 1968, totalling 15 million tonms
yearly capacity.

Several energy saving opcibns are available in thé model.

BOF offgas hoods have long béen recognized as a %ossible method of

energy conservation. This offgas, whose quality is in the 250-300 BTU6/cuf
_range, could be utilized by other processes; For an investment cost of |
$5.00/ ton BOF capaciﬁy, an estimated ;az X 106 BTU's per year can be saved2 with
~ this opticon. Currently, 9.8 million tons of BOF capacity have such hoods in-
stalled3, with an additional 5.8 by 1980.3

Next, the possibility.of increasing the maximum scrap charge to the BOF

by scrap preheaters has been explored as a method of utilizing the same BOF

e, xII
ZRef. XVII, p. 70

3Ref. XII
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offgases, This would then allow the integrated mills to retire the open hearths
withouﬁ the ncessity of building'new electric arc furnaces to handle the home
scrap. Such preheaters can increase BOF scrap charges from .32 tons/tom to .45
tons/ton of steel, using only the offgases saved by the recovery process just
ment:ioned.1 Estimatedlcosts for this option are $2.50/ton.2 No operating scrap
preheat facilities exist in this country today. The retrofit of eiisting BOF
facilities with those devices is limited in the model to those construcﬁed since
1968. The model allows éonstructioﬁ of new BOF facilities with these pptions;
the cost of a new BOF is assumed to be $25/ton of annual capacity.

Each BOF vintage has a differing set of operating options. Those built
prior to 1961 have only one mode of oﬁeration to reflect the limitea vefsatility
of these early plants - that given in source V, p.‘71 for the non—~energy inputs,
and source X, p. 4-6, for the energy inputs. fhe later two vintages have three
options - a low scrap option (100% pig iron charge), a nominal scrap optiom (.32
tons/ton) and, with the scrap preheater installed, a high scrap option (.45
toﬁs/ton). Fgrther; the two vintagéé can be retrofitted with hoods to c#pturg
the offgases. If those facilities with scrap preheat installations are operated
at nominal or low scrap charges, it is assumed that the .42 x 106 BTU recévered
for scrap preheat can be used elsewhere in the mill.

Table 12 gives the data sources and the appropriate section of the ma-

trix generator.

1Ref. X, p. 526 -
-zEstimate

3Ref. X
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H. Electric Arcs

:he treatment of electric arc operation in the modgl is rélativély .
simple. Two vintages are identified - pre-1945 and post-1945.l The early
vihtages can produce both carbon and alloy steels, while the later vintage_can
produce carbon, alloy, and staiﬁless steel. An option is available to use the
sénsible heat in the offgases to preheat the scrap charge for carbon steél oﬁly,
thus reduéing electricity consumption by 15Z. This can be installed as a
retrofit on post-1945 furnaces, and on all new furnaces; the cost is assumed to
be $5.00/ton. New electric arc capacity is available in the model at a cost of
$25.00/ton.3

Electricity consumption per ton in the model depends on both the
vintage of the equipment, and the type of steel manufactured. Nominal electric-
ity coqsumption, along with all other inputs, is as given in Reference V, p. 72;

this consumption rate of 525 kWh/tom is achieved when.prefl945 vintage electric
arcs are producing carbon steel. When steel alloysland stainless steel are pro=
duced, electricity consumption per ton increases to 740 kwh/ton2 when produced
on the same vintage furnaces. For the more recent furnaces, electricity con-
sumption is assumed to be IOZvlower than that obtainable in the early less effi-
cient furnaces.

All of this data and sources are summarized in Table 13,

Since electric arcs are used in mini-mills, the capacity available in

1975 - approximately 28 million tons - must be allocated between the integrated

1Ref. v

2eet. VII, p. 451

3Ref. X
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mills and the mini-mills. The oniy reference available as Eo mini-mill electric
arc capacity‘is found in Reference X, p. 3-7 and 1-2, where a capacity of }24
million tons is inferred. 'Thus, the model assumes only 4 million tons of elec-
tric arc capﬁcity are available at the integrated mills; an arbitrary division
of 1.8 miliion tons of pre-1945 vintage, 2 million post-1945, and .2 million
post—l945 with.h§ods is assumed. |

I. Casting, Forming, and Final Finishing

During the scteel-making process, the various alloys are added to the
steel: consequently, the model now must distinguish between three types of
steel - carbon, alloy, and stainless. While all steel.furnaces can manufacture

carbon steel, it is assumed that only electric arc furmaces can produce

~)

stainless steel, while only the BOF's and electric arcs can produce alloys.
nless st il ares cao

o e e

e e e e e T s

(This does some violance to reality, since 0.H.'s did prodﬁce about 1/7 of the
total alloy production in 1976.)1 First the treatment of carbon‘steel produc~
tion is described, then the characterizatioq of alloy and stainles;'production.
(i) Carbon Steel

After the hot metal leaves the sﬁeelmaking furnaces, two major
processes remain - casting and forming, and final finishing.

Two options are available for the casting and forming stage in the
integrated mill model:

(a) continuous casting, where the hot metal from the steel fur-

_naces is cast directly into billets (CCCBI) or slabs (CCCSL)

(bloom continuous casting is not now available as an option)

1AISI 1976 Report, p. 53
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without loss of the sensable heat. Current capacity was 14

7
l // o ’/’//’&

mllllon tons in 1972, -¢;:- O :7>:;m/%7 N ‘~1 S ’fizgy
' ) W’://— (/‘/C G SR

(b) ingot casting, (INGC) where the hot metal is allowed to
cool, and then reheated in soaking pits (usually without
recuperator)2 (SPC) using offgases generated in prior stages
of production befofe breaking into billets, blooms, and slabs
suitable for final finishing. Current capacity is 185.
miliion touns. |

Not all steel can utilize the continuous casting cycle (in partic—-

ular; rimmed low carbon steels).4 ‘Current use represents only 7% (1974)
domestic production, even though éontinuous casting capacity is much larger. It
has' been said that the technology exists now to contlnuously,cast 50% of steel

T —— e

output (Reference XVI, p. VII-2).  Nonetheless, for the t1me periods involved in

the model, it is reasonable to assume that the technology will be developed to

b N .
allow contlnuous casting of all forms of steel within the model's planning horl-
zon. Costs of new capacxty are 65 and 47 dollars a tom yearly capacity for

billets/blooms and slabs respectively.® ' g 4

/ v / . it~ (”;7l/
y :__/ A ,z_)

1 ! , 42/’6 /

Re f - XV, P . A" S 3 » 7' 3/‘/:) (’/,1/,1

o M I

2Ref. X, p. 417 . R A

3 . ' ) N

Ref. XVI, p. IX-3 RNV

“Ref. X, p. 5-35,36
s
"Ref. XV, p. A-24

SRef. XX, exhibit 6
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Table 14 giQesAthe i#put coefficients for the operating and capa-
¢city expansion aétivities of'fhe two alternétive casting and forming processés;'
sources for the data are giveﬁ in the footnotes. ,

| Semi-finishing (primary hot rolling) is fequired for that portion
of the steel production which is ingot cast and placed in the soaking pits; the
éteel thch is continuously cast avoids this step. Table 15 gives the coeffi;
cients associated with this semi~finishing step for slabs (SFCSL), billets
(SFCBI), and blooms (SFCBL). -

Capacities of the semi~finishing processes are 31, 80, and 44
million tons feséectively for billets, slabs, and blooms.1 Costs of new yearly
capacity are 48, 103, and 47 dollars a ton.2

The final finishiﬁg of steel 1is accomplished in two steps in the
model; ﬁhe reheat step, where the blooms, slabs, and billecS'are_raised bf
burning natural gas or oil to 1500 KAso they can be further rolled or millza
intq finishéd products, and the final fi;ishing of the sfeel,(where blooms are
rolled and milled into heavy structural forms, rails, and pilings, slabs are
rolled and milled into plates, sheets, strips, and welded pipes and tubes, and
billets are rolled and milled into seamless pipes and tubes, wires, bars, and
light structural shapes.

Twn opfinns are available for the reheating step:

(a) pusher-type reheat furnaces (PTCBI,. PTCBL, PTCSL) equipped

with recuperators to preheat the air to 1000°F.

lRef. XV, vol. 1, p. A-5

ZRef. XX, vol. 2, exhibit 6
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(b) mono-beam furnacés (MBCﬁI, MBCSL, ﬁBCBL); still under devel-

| opment, which can reduce fuel consumption byilO to‘15%.

Table 16 gives the data ﬁor the optioﬁs;'fooﬁnotes again give the
data sources.

‘Current capacities (pusher plus walking beam) arc assumed to be
105, 50, and 45 million tons yearly capacity.l There are no production facili-
ties in operation which utilize the mono-beam reheat furnace,

Capacity expansion costs in 1976 for the pusher type furnace are
$9.42 per ton and $7.27 per ton for the m.onobeam.2 Retrofit costs are substaﬁ—
. tially lower.3 |

The final finishing of steel is distinguished by high scrap losses 2
for blooms, billet; and slabs. Table 17 gives the data.and sources: unless
.otherwise noted, all'data are taken from Reference XX, exhibit 8-A,

AdditionalAcapacitf is available at costs of $332; 194, and 127
dollafs a ton for blooms, slﬁbs, and billets, respectively.

Some 30 million toms a year ($SOZ of slab productiom) of steei
products are annealed, the vast majority cold rolled slab prpducts.5 When such
products are annealed, they Qse abbut 1f5 MlO6 BTU per ton of product£6 To

reflect this use without further complicating the model with another step, it is

Ref, XVI, p. IX-.-3
2Ref. XVIII, p. 122
3Ref. Vi, p. IX-7
aRef. XX, exhibit 6
Ref. XVI, p. IX-22

Ref. XVI, p. IX-22
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assumed that all slabs are annealed at .75 x 106 BTU/ton, rather than assuming
50% of the slabs are annealed at 1.5 x 106 BTU/ton. .

(ii). Alloy and Stainless Steel

The model allows stainless and alloy steel billets to be continu-
ously cast or to use the ingot/éoaking pit cycle. The flowé:follow identical
paths as in ;he case of carbon steél: hence, only a single table is presented
which includes the ihgot/so;king pit contintinuoﬁs casting, reheacing,land final
finishing steps. References .are the same as in the case of carbom steéls, and

are not repeated,
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III. THE MINI-MILL INDUSTRY MODEL

Non-integrated ﬁills or mini-mills utilize steel scrap or directly reduced
ore as a feedétock material although, in the latger case, the scarcity of high‘
iron content ores has kept directly reduced ore mini-millg from flourishing.
With mini-mills accounting.for approximately 172l of U.S. capacity, the ratio of
mini-mills to inteérated mills seems to be growing. The reasons for the in-
crease are mainly due to improvéd technologies in utilization, preparation, and
smelting of steel scrap along with a constantly improving technology for
directly reduced ore. A major result'of a shift from integratéd to mini-mills
is that large amounts of fuel may be comserved by processing waste scrap as
opposed to processing iromn ore. Specifically, about half the fuel is required
to produce a ton of steel from steel sérap thaﬁ from iron ores.

The model allows two types of steel ~ carbon and alloy - to be produced at
mini-mills; onlj one producf t?pe - billets - is produced. The first.phase of
. mini-mill steel—makiﬁg - the electric arc fufnace - has two options: (aj a 100%
scrap charge, whose characteristics are identical to those found in the average
arcs in integrated mills; (b) a charge of 30% directly reduced iron ore and 70%
scrap.2 The direct reduction of ore for the mini-mill (the SL/RN process) plus
the 2 charge options for the electric arc are given in Table 20.

Next, the model allows the carbon or alloy hot metal to be either éoﬁtinu—
ously cast, or to-be cast into ingots, put in a soaking pit, and semi-finished,.

The ingot/soaking pit/semi-finish alternative is as in Table 21.

lpef. x, p. 1-2

2Estimate based on Fe content equivalent
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Data s&drces are identical to ﬁhose described in the integrated section. -

The ;ontinuoﬁs casting option is as in Table 22, Again, references are de-
scribed in the integrated section.

Next, the mini~-mill can either pass the semi-finished steel through pusher
type or mono-beam reheat furnaces in prepafation for final finishing, as de-
scribed in Table'23,.and then through final finishing in Table 24, |

As was mentioned in the integrated mill write~up, the initial capa;ity of
the mini-mills is har& to Aetermine. Reference X, ﬁ. 1-2,'implie§ that mini-
mill électric arc capacity is about 24'mi11ion tons, the number used in this
study; since this is only'an estimate, it should be used cautiously. Mini-mill
direct reduction capacity is estimated at 2 million tomns, and the remaining ca-
pacities arelset'to satisfy the output of the electric arc furnaces. New capa-

city for the mini-mill can be obtained at costs identical to those for the

integrated mills.
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' IV, ELECTRICITY AND STEAM GENERATION

The model provides 15 steam and

electricity co~generation options: elec-

tricity and steam are provided by using as fuels;

(a)
(b)
(e)
(d)
(e)
(£)
(g)
(h)
(1)
(3
(k)
(1)
(m)
(n)
(o)

coal assisted blast furnace gas

(CCBFG)

coal assisted coke oven gas (CCCOG)

0il/gas assisted blast furnace gas (OOBFG)

oil/gas assisted coke oven gas (00COG)

blast furnace and coke oven gas

coal assisted blast furnace gas

(OWBFG)

in new boilers (NCBFG)

coal assisted coke oven gas in new boilers (NCCOG)

oil/gas assisted blast furnmace gas in new boilers (NOBFG)

oil/gas assisted coke oven gas in new boilers (NOCOG)

blast furnace and coke oven gas
gas turbine using aistillate or
gas turbine using coke oven gas
mini-mill steam production from
mini-mill steam production from
mini-mill steam'pro&uction from

The input requirements for each

in new boilers (NWBFG)

gas (GTO)

(cTw)

gas turbine (MGT) .
. mini-milloptions

0il fired boiler (MBLO)

coal fired boiler (MBLC)

are given in Table 25, along with the

sources used to construct the options..
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V.  ECONOMIC ASSUMPTIONS

A. Cost of Materials - Non-Energy

Table 26 lists the costs of non-energy materials purchased for the
first period (1975) of the model. Sources of the prices are given in the

footnotes.

(i) Limits on Material Availability

An upper limit of 570 x 10 BTU's per year (1975 actual purchases)
of natural gas is assumed to reflect the increasing scarcity of this fuel to the’
industry.

B. Cost of Materials - Energy

Table 27 gives the assumptions relating to energy prices over the 5
periods (25 years in total) now in the model. They are taken from base case
projections made by DOE based on 1975 actual prices.1 They assume energy prices
approximately double (relative to other prices) by 1995, |

C. Initial Capacity

Even though the assumptions and sources corresponding to the initial
capacities have been discussed in previous sectiocns 66 the report, they are sum—
marized again in Table 28, Séurces are féund in ﬁhe individual sections.

D. Capacity Expansion Costs
Table 29 summarizes the costs for expanding each of the activities rep-

resented in the model for both new and retrofit.

lSource: 1975.° Census -of Manufacturers - SIC 3312
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E. Demand Data
" Table 30 gives the demand for stegl assumed in the mo&el.' The initial
period's demand is 1975 actual demand for finished steel products taken with
- minor adjustments from Reference III.
A 1.5% yearly rate of growth was assumed in the base case to drive the
model; the mig of steel products was assumed to remain constant over the
planning horizonm.

F. The Scrap Supply Curve

One important consideratiom in the model is price and availability of
scrap material to the steelmaking industry. Left unconstraiﬁed at current
prices, the_modellwould choose to purchasé more scrap than is actually avail-
able. Markét steel scrap is composed of obsolete scrap and prompt écrap; Obso-
lete scrap is generated from discarded steel-bearing material and its availabil-‘
ity is primarily dependent on past steel producpion. _On the other hand, the
source of promﬁt scrapAié steel fabrication losses and its suppl& is primarily
determined by the amount of current steel production.

The réport "Purchased Ferrous Scrap: United States Demand and Supply
Outlook" by W.T. Hoéan and F.T. Koeble (Reference XXIIIj describes the present
and projected supply of purchased scrap by the U.S. Steel industry. Using fhis
reference, as well as several conversations with one of the authors, a
praedictive equation for priée-insensitive purchased scrap was developed:

yE=1975 L 0667 (t)

Tons of steel industry purchased scrap(t) = 9658(1, 053
whare

t = year

'D(t) = tons of demand for steel products in year t.

49



2330«

~=~TABLE-DEMAND-— TABLE 3D - -

* ==z== ::::::::::
e T ] S -FABLE—STORES~-DATA- FOR---F [ NAL~DEMAND « S TEEL—PROBUGCTLCA—
. >’ 1
— — - SB¥ —F5Fy }
AB1 B42¢, :
— —_ €5p——+b—
CcSL 45804,
- CB— +FH-EF4r
L J > . 2
DR y se% )
2340« AB1 940 ,0000
fmrmt
Ve
, CcStL 51065.0000
T — ' CBt—1552650608—
+ : > 3
'Snv
,Ul ;»iTG'G'G'G"_—’
. AB1 10374,0000
— G
cSL .56326,0000
—CE SE '
2350% + > 4 ,
5B A-0-4-8vE-0-6-5
AB1 11343,0000 -
€8t 5-5-cFr 5580
# (S £15€6,0000
&8¢ 2-4-0-33-8-3-98
L 4 > . 5 .
S584+— -+4+- 65 8-0-0—
AB! 12 12, 0000
€t
cSt, €6487,0000

2360

CB——26086+6050—



' Because the promp£ scfap'coﬁponent of ghe're;ation depends on ;ufrent steel pro=-
duction, thé purchased scrap supply is a function of steel demand. 1In general;
scen#rios are energy pri;e and steel demand driven. Therefore, the price-
insensitive purchased scrap is also scenarip—dependent and the above equation
sthld beAused to maintain consisteﬁcy.

A scrap supply curve can bg‘generated by combining the price-
insensitive relation above with the reported supply price elasticity. To accom-
‘plish this, we make the'following assumptions:

. 1. The supply equation given above is the availability at the current
real price of scrap.

2. The long~term price elasticity of scrap supply is 1.12 from R.C.

Anderson and R.D. Spiegelman, "Tas Policy and Secondary Material
Use," Journal of Environmental Economics and Management, 4, p. 68-
72, 1977.

3. Thé ultimaté scrap limit is 60% above the Hogﬁn relation.i

4, A step-wise linear supply curve using the point elasticity of 1.12

is-an adequate represéntation of the scrap supply curve. |

Four supply "bins" are used in the model to describe the scraé supply .
curve. The first allows the price—incentiye supply availability from'Hogan to
be purchased at the 1975 real cost of scrap. ' The other three bins increase sué—
ply availability by 20% for an 18% increase in price. (The 1.12 elasticity ¥e—

sults in a 20Z increase in supply for an -18% price increase.)
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