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SUMMARY 

THE IRON AND STEEL INDUSTRY PROCESS MODEL 

The model depic t s  expected energy consumption c h a r a c t e r i s t i c s  of the i ron  

and s t e e l  indus t ry  and, a n c i l l a r y  i n d u s t r i e s  f o r  the next twenty-five years by 

means of a process model of the major s t eps  i n  steelmaking from ore mining and 

scrap  recycl ing to  the f i n a l  f i n i sh ing  of carbon, a l l o y  and s t a i n l e s s  s t e e l  i n t o  

s t e e l  products,  such as  s t r u c t u r a l  s t e e l ,  s l abs ,  p l a t e s ,  tubes and bars .  Two 

plant  types a r e  modelled-fully i n t eg ra t ed  m i l l s ,  and mini -mi l l s .  

User determined inpu t s .  i n t o  the model are:  

( a )  projected energy mater ia l s  pr ices  . fo r  the horizon 

(b)  pro j.ected cos ts  of capaci ty expansion and replacement 

( c )  energy, conserving opt ions - both operat ing modes and investments 

( d l  the i n t e r n a l  r a t e  of r e tu rn  required on p ro j ec t s  

( e l  growth i n  f in i shed  s t e e l  demand. 

Nominal input choices i n  the niodel are:  

( a )  Department of Energy base l i n e  pro jec t ions  f o r  o i l ,  gas, d i s t i l ' l a t e s ;  

r e s idua l s ,  and e l e c t r i c i t y  f o r  ene.rgy, and 1975 ac tua l  p r i ce s  f o r  

materia1.s 

(b) ac tua l  1975 cos t s  

( c )  see attachment; new technologies can be added 

( d l  15% a f t e r  taxes 

( e l  1975 ac tua l  demand with 1.5% growthlyear 

The model s t a r t s  with base year (1975) ac tua l  performance of the industry;  

then given ( a )  th ru  ( e l  above, the model determines the pa t t e rn  of operat ion and 



c a p a c i t y  expansion which minimizes t h e  c o s t  of meeting the  given f i n a l  demands 

.-. , . f o r  each of .  f i v e  years ,  each year being t h e  mid-point of a  f ive-year  i n t e r v a l .  
. - 

Output of the  mode 1 inc ludes  : 

( a )  energy use by type,  by p rocess ,  and by time per iod ,  both i n  t o t a l  and 

i n t e n s i t y  ( B ~ u /  t o n )  

(b)  energy c o n s e r v a t i o n  o p t i o n s  chosen 

( c )  u t i l i z a t i o n  r a t e s  f o r  e x i s t i n g  c a p a c i t y ,  and t h e  c a p a c i t y  expansion 

. d e c i s i o n s  of t h e  model. . -  



Energy Conservat ion Options 

. -. 
I. Raw M a t e r i a l  Purchasing,  Mining and Mine Mouth Process ing  

- .  
( a )  Inc reased  dependence on imported p e l l e t s  and c o n c e n t r a t e s .  

(b). Inc reased  use of re 'cycle ,  prompt, and o b s o l e t e  s c r a p .  

11. Raw M a t e r i a l  Process inn a t  the  P l a n t  

/ ( a )  Dry coking process  s u b s t i t u t i n g  f o r  t h e  convent ional  wet quenching 

111. I r o n  Product ion 

( a )  S u b s t i t u t i o n  of coke f o r  hydrocarbons .as a source  of BTU's. 

(b) S u b s t i t u t i o n  of powdered coa l  f o r  coke a s  a source  of BTU1s. 

(c) Operat ion of b l a s t  furnaces  a t  h igher  temperatures  t o  improve 

combus t i o n  e f f i c i e n c y  ( r e q u i r e s  r e l i n i n g  and r e b r i c k i n g ) .  

/ ( d l  I n s t a l l a t i o n  of b e l l - l e s s  tops .  

/(el Cons t ruc t ion  of new b l a s t  fu rnaces  capable  of h i g h e r  top  p r e s s u r e s ;  

(£1 I n c r e a s e  burden q u a l i t y  by s h i f t  t o  h igh p e l l e t  charges .  

/ (g )  Cons t ruc t ion  .of t h e  so -ca l l ed .  "Jordan" b l a s t  furnace,  which has  been 

c h a r a c t e r i z e d  as  a c o a l  g a s i f i e r  wi th  by-product i r o n .  * (10,000)  

I V .  S t e e 1  Product ion 

/ ( a )  Higher s c r a p  charges f o r  BOF1s by i n s t a l l a t i o n  of s c r a p  p rehea te r s .*  

/ (b )  Inc reased  use of off-gases from o t h e r  processes  a s  a source  of BTU's. 

/(c) s u b s t i t u t i o n  of BOF furnaces  f o r  t h e  l e s s  s u f f i c i e n t  open h e a r t h  

furnaces  . 

*Requires expendi tu res  of R&D before  use ;  amounts, i n  thousands of d o l l a r s ,  i n  
pa ren theses .  Source-industry and government e s t i m a t e s .  

d ~ u a l i f i e s  f o r  investment t a x  c r e d i t .  



/ ( d l  Conversion of open hear th  furnaces t o  Q-BOF. 

/ ( e l  Increased use of oxygen in j ec t ion .  

/ ( f )  ~ n s t a l l a t i o n ' o f  hoods f o r  c o l l e c t i o n  of s t e e l  making off-gases on 

BOF's, open hearth,  and e l e c t r i c  a r c  furnaces.  

V. Casting and Forming 

/ ( a )  Use of continuous cas t ing  of glabs* and b i l l e t s .  (13,000) 

VI - .  Finishing Mi l l s  

/ (a )  Mono-beam reheat  ' furnaces s u b s t i t u t i n g  f o r  pusher type,  rehea t  

V I I .  Energy Conversion Processes 

( a )  Increased use of low qua l i t y  off-gases by blending with higher  qual- 

i.ty gases ., 
/ (b)  Co-generation of steam and e l e c t r i c i t y .  

/ ( c )  Use of coal off-gas b o i l e r s .  

, .  / (d l  Use of gas . turbines fo r  co-generation. 

*Requires expenditures of R6D before use; amounts, i n  thousands of d o l l a r s ,  i n  
parentheses.  Source-industry and government est imates .  

v '~ua1ifies f o r  investment tax c r e d i t .  



THE IRON AND STEEL INDUSTRY PROCESS MODEL 

I. INTRODUCTION . 

The model i s  a  dynamic a c t i v i t y  ana lys is  model of two types of mi l l s  i n  the 

. , Domestic I ron and Stee l  I n d u s t r p  - i n t eg ra t ed  and mini -mi l l s  -,whole a c t i v i t i e s  

a r e  based upon the flow diagrams shown i n  Tables 1 and 2. In  order  t o  capture 

the bulk of the i n d i r e c t  ene=gy used- i n  the indus t ry  as  w e l l  as the d i r e c t  

energy, the indus t ry  model includes ex t r ac t ion  and t r anspor t a t ion  of the major 

raw ma te r i a l s  - i r on  ore mining, concentrat ing and t r anspor t a t ion ,  coal mining 

and t r anspor t a t ion ,  and scrap: "mining1' and t ranspor ta t ion .  The two types of op- 

e r a t ions  represented i n  the model are:  ( a )  f u l l y  i n t eg ra t ed  p lan ts  which have 

the capaci ty to  bene f i c i a t e  i ron  o re ,  produce coke, convert i ron  ore t o  i r o n  i n  

b l a s t  furnaces,  convert i ron  to s t e e l  by any of four  types of s t e e l  furnac.es, 

semi-finish and f i n a l l y  f i n i s h  s t e e l ;  (b) "mini-mil ls ,"  which convert scrap t o  

s t e e l  i n  e l e c t r i c  a r c  s t e e l  furnace's. 

Three types of s t e e l  a re  produced - carbon, a l l o y  and s t a i n l e s s .  Carbon 

s t e e i  i s  f ab r i ca t ed  i n t o  three clas,ses of products: ( a )  heavy s t r u c t u r a l  s t e e l ,  

r a i l s  'and o ther  bloom based products; (b) p l a t e s ,  forms and other  s l a b  products; 

( c )  tubes,  'bars, and other  b i l l e t  products. Mini-mills produce a  more l imi ted  

range of products,  production being confined to  s t r u c t u r a l  bars and l i g h t  forms. 

The mini-mills compete with the in t eg ra t ed  mi l l s  f o r  t h i s  p a r t i c u l a r  demand. 

The spec i a l ty  s t e e l s  a r e  made only i n  e l e c t r i c  a r c  furnaces f o r  q u a l i t y  cont ro l  

reasons. 

*his i s  -hardly a  novel idea: the f i r s t  to appear i n  the Operations Research 
l i t e r a t u r e  was Tibor Fabian's e f f o r t  20 years ago! 







Capi ta l  s tocks a re  viritaged, according t o  t h e i r  a b i l i t y '  t o  be r e t r o f i t t e d  

with more modern. ance l la ry  energy conservation equipment, as well as by s i z e  and 

age, which a r e  r e f l ec t ed  i n  h igher  operat ing and maintenance cos t s  f o r  o lde r ,  

smaller s c a l e  equipment. The number of vintages and the number of opera t ing  

technology, options . a r e  l i s t e d  below each process i n  Table 1.. 

The demand f o r  domestic s t e e l ,  and the supply of both scrap  and d m e s t i c  

i ron  ore a r e  pr ices  s e n s i t i v e  i n  the model, i n  t ha t  domestic s t e e l  colnpetes fo r  

domestic demand with imports, while domestic ore competes with ore  imports f o r  

the domestic ore  .demand. The exhaust ible  nature of domestic ore i s  r e f l e c t e d  by 

cons t r a in t s  on ' t he  a v a i l a b i l i t y  over the 25 year horizon of t h ree  "ore bodies ,"  

each with t h e i r  own ex t r ac t ion  cos ts .  The supply of s c rap ' s  pr ice  s e n s i t i v i t y  

i s  based on a  recent  econometric study done by Hogan and Koeble ( see  Reference 

The model is a  " technocrat ic"  model of the i r o n  and s t e e l  i ndus t ry  i n  t h a t  

the indus t ry  i s  assumed t o  a c t  c o l l e c t i v e l y  so as t o  minimize the cos t  of 

producing a  given s e t  of demands. Thus, it 'acts  as i f  i t  were a  c a r t e l  o r  

monopoly, assigning u n i t s  of output to  the l e a s t  cos t  ava i l ab l e  method f o r  

producing i t ,  without regard f o r  who owns the capaci ty being u t i l i z e d .  

To the extent  tha t  the e x i s t i n g  s t e e l  indus t ry  departs  from t h i s  mode of 

~ p e r a t i ~ a n ,  the model departs  from a pos i t i ve  descr ip t ion  of indus t ry  behavior,  

and becomes instead a  normative model. Cer ta in ly  some departure from cost- 

inimizing behavior i s  observed i n  the indus t ry  - otherwise, more of t he  

t a l l e r ,  l e s s  e f f i c i e n t  capaci ty of the marginal praducers would have been 

-?placed by the l a rge ,  more modem un i t s  of the bes t  p r a c t i c e  plants ,  and firms, 

. tead of l inger ing  around the indus t ry ,  as these un i t s  a re  observed to do. 



Nonetheless ,  market f o r c e s  t o  work, even i n  an i n d u s t r y  dominated by l a r g e  

I f i rms,  and such marginal .  p l a n t s  cannot l a s t  f o r e v e r  by s e l l i n g  "below cost"  t o  

meet the  ' compet i t ion ;  sooner o r  l a t e r ,  they w i l l  be c losed down, and rep laced  

wi th  more modern equipment. 

The model has f i v e  pe r iods ,  each r e p r e s e n t i n g  t h e  middle year  of a  f ive-  

year  i n t e r v a l ;  t h e  planning hor izon is  25 years .  The i n i t i a l  c a p a c i t i e s  and 

demands a r e  those  f o r  t h e  i n d u s t r y  i n  t h e  ,1974-75 t i m e  per iod.  

The o p t i m i z a t i o n  problem is given: (1 )  t h e  sequence of demands t h a t  must 

be met by domestic product ion o r  imports ;  (2 )  i n i t i a l  c a p a c i t i e s ,  v i n t a g e s  and - 
c h a r a c t e r i s t i c s  of t h e  c a p i t a l  stock;.  (3)  c u r r e n t  and p r o j e c t e d  p r i c e s  f o r  a l l  

i n p u t s  inc lud ing  energy; ( 4 )  t h e  a v a i l a b l e  modes of o p e r a t i o n  f o r  each of the  

a c t i v i t i e s ;  ( 5 )  an e s t i m a t e  of c a p i t a l  a v a i l a b i l i t y  i n  t h e  form of r e t a i n e d  

ea rn ings  and new i s s u e s  t o  f inance  expans.ion and replacement of equipment 

(assumed t o  be a  f u n c t i o n  of the  f i n a l  demand growth r a t e s  i.n t h e  model and t h e  
, . 

i h i s t o r i c a l  r e l a t i o n  between demand and c a p i t a l  a v a i l a b i l i t y ) ;  t o  choose t h e  t i m e  

sequence of product ion,  c a p a c i t y  expansion,  and the  c a p a c i t y  r e t r o f i t  d e c i s i o n s  

which minimize the  p resen t  value  of the  c o s t  .of producing the  demand, us ing  as 

t h e  d i scount  r a t e  t h e  c o s t  of c a p i t a l  f o r  t h e  i r o n  and s t e e l  i n d u s t r y ,  taken as  

15% a f t e r  t axes .  

Table  3  l i s t s  t h e  energy,  flows f o r  t h e  e n t i r e  i n d u s t r y  i n  1973, expressed  

6 
i n  1 0  BTU's per  ton of f i n i s h e d  s t e e l  produced.* Table  4 gives  t h e  o p e r a t i n g  

o p t i o n s ,  r e t r o f i t  o p p o r t u n i t i e s ,  and c a p a c i t y  a d d i t i o n s  which can p o t e n t i a l l y  

c o n t r i b u t e  t o  ' t o t a l  energy conserva t ion  i n  t h e  i n d u s t r y ,  o r  reduce t h e  

3 ~ e r i v e d  from d a t a  conta ined in :  A Study of Improved'Fuel E f f e c t i v e n e s s  i n  
t h e  I r o n  and S t e e l  and Pu1.p and Paper f n d u s t r i e s ,  Thermo E l e c t r o n  Corpora t ion ,  
Wortham, Mass., 1976; prepared f o r  Nat ional  Science Foundat ion 's  O f f i c e  of 
Energy Po l icy .  



I -:: I.'.: . . 

1:: ; 
I;; , . .- .. 

Energy ~ o n s e r v a t  ion Options .: . ..: . . 
I.: 
F. - 

I. Raw Mate r i a l  Purchssinc, Mining and Mine Mouth Process ing  b: . . 
[a) Increased  dependence on imported p e l l e t s  and c o n c e n t r a t e s -  1:: 

. . - .  

(b) I n c r e a s e d u s e  of r e c y c l e ,  prompt, and o b s o l e t e  scrap .  

11. Raw Mate r i a l  Pro'ces's.ing 'at' t h e  P l a n t  

JCa) Dry coking process  subs t i tu t in .g  f o r  t h e  convent ional  
wet quenching process .  * C5000) . . 

. . 
111. Iron 'Production 

[a) S u b s t i t u t i o n  of coke f o r  hydrocarbons as a source of . 

B t u s  . 
. . 

Cb) S u b s t i t u t i o n  of powdered c o a l  f o r  coke a s  a saurLe o f  
B t u s  . . .  . . , . . . . 

(c) Operation of b l a s t  furnaces  a t  h igher  temperatures  t o  ' .  I 
improve combustion e f f i c i e n c y  . Crequires r e l i n i x  and , 

. . , , .  ~ e b r i c k i n g ]  . . . . . . - . . . . . 

~ ( d )  I n s t a l l a t i o n  of b e l l - l e s s  tops.  . . .  

JCe) Construct ion of new b l a s t  furnaces capable  o f  higher 
t op  p ressu res .  - - 

~ f j  Inc rease  burden q u a l i t y  by s h i f t  t o  h igh  pellet charges. - 

JCg) c o n s t r u c t i o n  of t h e  so -ca l l ed  " ~ o r d a n "  blast furnace, 
which has  been chazacter ized  as a coal g a s i f i e r  with 
by-product iron.(' (10,000) 

I V .  S t e e l  Product ion 

d(a) Higher sc rap  charges f o r  BOF s by i n s t a l l a t i o n  o f  s c r a p  
preheaters ."  (4500) 

JCb) Increased use  of of f -gases  from o t h e r  processes  a s  a 'I 

source of Btus. 
a . .  

Jcc )  S u b s t i t u t i o n  of BOF furnaces  fbr t h e  l e s s  e f f i c i e n t  
open h e a r t h  furnaces .  
4 .  

' Conversion of open h e a r t h  furnaces t o  Q-BOF. 



J ( e )  Increased use of oxygen i n j e c t i o n  

JCf) I n s t a l l a t i o n  of hoods f o r  c o l l e c t i o n  of s t e e l  making 
of f -gasses  on B O F t s ,  o p e n h e a r t h ,  and e l e c t r i c  arc '  
furnaces .  

V. Cast ing and Forming 

JCa) Use of continuous cas t ing  of s labs*  and b i l l e t s .  C13,000) 
. . 

V I .  F in i sh ing  M i l l s  

/(a) .hlono-beam rehea t  furnaces.  s u b s t i t u t i n g  f o r  pusher type. 
r e h e a t  furnaces ,*  C ) 

V I I  . Energy ConverS+'* Pro.c'e'Ss'es 

[a) Increased use  of low q u a l i t y  of f -gases  by blending w i t h  
h igher  q u a l i t y  gases.. 

J(b) Co-generation of steam and e l e c t r i c i t y .  ; 

dCc) Use of c o a l  o f f  -gas b o i l e r s .  

J U )  Use of gas tu rb ines  f o r  co-generation. . .  . . 
. . . . 

"Requires expenditures  of R 4 D  before use; .amounts, i n  thousands 
of d o l l a r s ,  i n  parentheses .  Source-industry and government 

. . 
. . .  . es t ima tes ,  . . . .  . I 

. . 

f o r  investment tax credi:. 
. . 

. . 



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 utiliza.tion of the technology in 

production can be characterized in the following way: 

1 if DR; > 0, all D R ~  = O'for r c t 
(jF-1 = 4 
1 0 otherwise 

where ; 

x! = production, using the ith new technology, in t. 
1 

DRF = durable resource investment in t, measured in capacity units of 
1, 

x . .  (~ssets are assumed to have finite life. ) 
1 

t C(DR~) = total cost of investing in DRF units, including capital and 
1 

R&D costs. ' 

t a! = capital cost pet unit of DR.. 
1 1 



$ i  
= the f ixed investment i n  R&D necessary t o  .bring technology t o  the 

market. 

6: = t h e  ( 0 , l )  in teger  var iab le .  
1 

The necessary l a g  between the R&D expenditure and the subsequent 

investment a l l  owed i n  capac i ty  i s  r e  £1 ected by requi r ing  the R&D expenditure t o  

precede by one period the investment Cn capacity.  This i s  i n  addi t ion  t o  the  

usua 1 cons t ruc  t i o n  l a g  which separa tes  the period when the investment decis ion 

i s  made and the  i n i t i a l  u t i l i z a t i o n  of t h a t  capaci ty.  

t . .  
The net e f f e c t  of the {0,1} va r i ab l e  6. i s  t o  requ.ire t h a t  Si  be 

1 

spent one period p r io r  to the f i r s t  investment i n  capaci ty,  and two periods 

p r io r  t o  f i r s t  u t i l i z i n g  the capaci ty;  once incurred,  the only cos t s  t h e r e a f t e r  

a r e  the cos ts  of capaci ty expansion and operation. The in t roduct ion  of these  

f ixed charges makes the cos t  s t r u c t u r e  non convex, causing the usual 

computational problems assoc ia ted  with such formylations.  
,. . 

\. , This formulation permits the model -to. handle inves trnent i n  durable  

resources using proven technologies and durable resources which need R&D before 

use i n  a  symmetrical fashion. The only d i f fe rence  i s  i n  the neces s i ty  of 

t 
spending the f ixed charge $.. I f  the technology i s  a l ready i s  use,  then 6i = 

1 

0 fo r  a l l  t .  

No t r ea tgen t  of the R6D investment problem without e x p l i c i t  con- 

s ide ra t ion  of the uncer ta in ty  surrounding such p ro j ec t s  i s  ever e n t i r e l y  s a t i s -  

fac tory .  However, the s e t  of R&D pro jec ts  t y p i c a l l y  found outs ide  agencies such 

as the National Science Foundation a re  u sua l ly  heavi ly  i n  the Development, rath- 

e r  than the Research end of the spectrum. The p ro j ec t s  funded by energy 

agencies a r e  no exception t o  t h i s  r u l e ;  thus a  model where the r e s u l t s  of such 

investments a r e  assumed ce r t a in  (or  more exac t ly ,  where the uncer ta in ty  associ- 



a ted  wi th  a l l  p r o j e c t s  is approximately t h e  same) may not '  do much v i o l a n c e  . t o  

r e a l i t y .  

The n o t a t i o n  used t o  d i s t i n g u i s h  between o l d  and new technolog ies  

i s  t o  p a r t i t i o n .  t h e  s e t  M of t echnolog ies  (durab le  goods inves tments )  i n t o  two 

s u b s e t s :  . the e x i s t i n g  t echnolog ies  i n  t h e  s e t  M - M I ,  which do no t  r e q u i r e  any 

a d d i t i o n a l  expendi tu res  beyond t h e  c o s t  of purchasing c a p a c i t y  u n i t s  t o  add t o  

c a p a c i t y ,  and t h e  new technolog ies  i n  t h e  set M which r e q u i r e s  t h e  expendi tu re  1' 

of $. before  any u n i t s  of capac i ty  can be put i n  p lace .  
1 .  

( i i )  Tax Cons idera t ions  

The o b j e c t i v e  f u n c t i o n  which is  minimized i s  t h e  a f t e r - t a x  c o s t  of 

meeting the  demands. 

The a £ t e r  t a x  cash expendi tu re  flow i n  any per iod t is of t h e  form 

t 
( 1  - T) EXt - TDt + a t ~ R t ,  where T is  the  p r o f i t s  . t a x  r a t e ,  EX t o t a l  c u r r e n t  

t t t 
expenses i n  t ,  D allowed d e p r e c i a t i o n  i n  t and a DR t o t a l  expendi tu res  on 

durab le  resources  i n  t.* For t a x  purposes,  RbD c o s t s  w i l l  be t r e a t e d  a s  d u r a b l e  

goods and w i l l  be deprec ia ted  over  a per iod equal t o  t h e  l i f e  of t h e  equipment 

developed. - 

I n  any given per iod "t," then,  t h e  o b j e c t i v e  f u n c t i o n  f o r  t h e  

f i rms  would be t o  minimize: 

%o see  t h i s ,  suppose revenues i n  t a r e  R. Then a f t e r  t a x  cash flow p r o f i t s  
a r e  revenues,  l e s s  c u r r e n t  expenses,  l e s s  p r o f i t s  t axes ,  1es.s durab le  good 
expendi tu res :  T K s u m i n g  p r o f i t s  a r e  p o s i t i v e  1. 



The f i r s t  term tepresents  the a f t e r  tax. operat ing expenses fo r  a l l  technologies 

of the firm i n  t ;  the second, expenditures on cap i t a l  equipment i n  t f o r  a l l  

technologies ; the . t h i r d  R&D. expenditures i n  t fo r  , the  new (M ) technologies ; the 1 

four th ,  

I f  demand must be met a t  f ixed p r i ce s ,  R i s  constant ,  and maximizing ( a )  i s  

equivalent  t o  minimizing (b) ;  

allowed deprec ia t ion  on a l l  c a p i t a l  expenditures p r i o r  t o  t (assuming 

deprec ia t ion  i s  no't"allowed i n  the year of purchase) expreTsed as the reduct ion 
I 

i n  t ax  l i a b i l i t y .  I n  tKe dynamic formulation, the p r iva t e  s ec to r  would discbunt 

fu tu re  expenses by the cos t  of c a p i t a l  "r,." and the firm would minimize the  

present value of ( a )  over a  given planning horizon. 

B. The Use of Ac t iv i ty  Analysis i n  the P r iva t e  Sector  Model 

The hea r t  of the problem i s  to  model the cos t  minimizing response of 

the p r iva t e  s ec to r  i n  such a  fashion tha t  a l l  of the various s u b s t i t u t a b i l i t i e s  

and complementarities which e x i s t  i n  the production chain a re  e x p l i c i t l y  spe l led  

out.  The methodology used is a c t i v i t y  ana lys is .  

As  Table 5 shows, a c t i v i t y  ana lys is  has four bui ld ing  blocks; the 

"primitives" of the methodology, the a c t i v i t i e s  themselves, which ' transform re- - 
sources,  o r  inputs ,  i n t o  products,  or  ou tputs ,  by means of a  s e t  of 



ACTIVITY ANALYSIS 

1 2  1. A set of hctivities [x , x , . . .k.. . .] which produce distinct products, or outputs. 

2. A set of resources [112 , . . . .i . . . .m] used by these activities, the availabilities [bl, b2 , . . . bi. . . b m ] of 

these resources, and a set of prices [P1,PZ1 ... .Pi" .P,] that give the cost per unit of each resources for 

additional units of resource. 

3. For each activity, a set  of technologies ( XI,XZ k , . . .I&. . .x; ] to produce the output of activity k; each 
1 

th ttichnology is characterized by a column vector whose elements;'' give the units of the i- input required 
ij 

th par unit of the j- technology for activity K. Each activity is characterized by a matrix A ~ ,  the collection 
th < 0 denotes an output of a technology). . ' '  of technologies for t he  k- activity. (ail , 

4. A set of - final products [1,2,. . . ,k,.. .PI, KsK 

demands [R1, R2 , .. . RK.. . %] f o r  each which are made price sensitive 

. . . . , and a set of 

including penalty costs 

f& m e t  demand, and/or the possibility of increased import substitution as domestic costs increase. 

5 .  The resources are of three types: purchased lnputs acquired 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 in the product, and durable resources (capital equipment) that are not directly 

consumed by the act of production. The unlque characteristic of durable resources is that t h e  purchase of 

a unit in time t makes that unit available in an interval [t, .. .T] ,' the lifetihe o f  the equipment. 

TABLE Q 



t echno log ies ,  which r e p r e s e n t  a l t e r n a t e  ways of o b t a i n i n g ' t h e  ou tpu t  from t h e  

s e t  o f '  i n p u t s .  

Resources can be ca tegor ized  i n t o  t h r e e  types:  ( a )  purchased i n p u t s  

indexed i n  t h e  s e t  I ,  ( l a b o r ,  m a t e r i a l )  acquired from o u t s i d e  the  f i n n  o r  orga- 

n i z a t i o n  a t  some given p r i c e  o r  p r i c e  schedule;  (b )  i n t e r m e d i a t e  p roduc t s ,  when 

they  a r e  the  products  of some a c t i v i t y  wi th in  the  f i n n  o r  o r g a n i z a t i o n  indexed 

S S 
i n  t h e  set K and i n  t h e  set M when considered a s  resources  f o r  subsequent 

a c t i v i t i e s ;  and ( c )  durab le  resources ,  o r  equipment, whose c a p a c i t y  is  u t i l i z e d  

by t h e  a c t i v i t y ,  indexed i n  the  s e t  M - M1 f o r  e x i s t i n g  t echnolog ies ,  and M l  f o r  

new technolog ies .  Durable resources  have t h e  d i s t i n c t  c h a r a c t e r i s t i c  t h a t  addi- 

t i o n s  t o  the  s t o c k  of durab le  resources  add t o  t h e  c a p a c i t y  i n  a l l  f u t u r e  time 

per iods  u n t i l  t h e  equipment is r e t i r e d .  The a v a i l a b i l t i e s  of t h e  resources  i n  

a l l  i n s t a n c e s  r e p r e s e n t  t h e  s t o c k  of such resources  on hand a t  the  beginning of 

t h e  per iod i n  quest ion.  They can be. augmented dur ing t h e  per iod f o r  t h e  case'.of 

purchased i n p u t s  a n d ' i n t e n n e d i a t e  p roduc t s ,  bu t  on ly  wi th  a  1 a g . i n  t h e  case  of 
. . 

durab le  resources .  The l a g  r e p r e s e n t s  t h e  de lay  between t h e  d e c i s i o n  t o  i n v e s t  

i n  new c a p a c i t y  and time when t h e  new c a p a c i t y  becomes a v a i l a b l e  f o r  u t i l i z a -  

t i o n .  

Four types of a c t i v i t i e s  indexed on k  a r e  d i s t i n g u i s h e d  i n  t h e  models: 

purchase of non-durable resources ,  denoted by PIkcI; purchase of durab le  re- 

s o u r c e s ,  DRk t h a t  e i t h e r  r e q u i r e  (kcM ) o r  do not r e q u i r e  (kt%-M ) R6D expendi- 1 1 

t u r e s  p r i o r  t o  purchase;  product ion a c t i v i t i e s  which ' t r ans fonn  resources  i n t o  

i n t e r m e d i a t e  o u t p u t s ,  denoted by xk k i n  t h e  s e t  6, and a c t i v i t i e s  t h a t  
j ' 

k 
t ransform resources  i n t o  f i n a l  o u t p u t s ,  aga in  denoted by X but k  i s  i n  t h e  

j ' 
s e t  K. 



~ o n s t r a i . n t s  indexed on i a re  of f i v e  types: accounting c o n s t r a i n t s  i ~ 1  

which insure t h a t  the t o t a l  u t i l i z a t i o n  of a  purchased input equal .  the t o t a l  

purchase of t ha t  input ;  capac i ty  cons t r a in t s  i € H  which requi re  t ha t  the l e v e l  of 

S 
an a c t i v i t y  not exceed i t s  capaci ty;  m a t e r i a l s  balance cons t r a in t s  i&l which 

insure  t ha t  the input requirements fo r  intermediate  products equal t h e i r  produc- 

t i o n  from p r i o r  a c t i v i t i e s ;  demand cons t r a in t s  i E K  which in su re  t h a t  a c t i v i t i e s  

which produce f i n a l  goods produce an amount s u f f i c i e n t  t o  meet f i n a l  demands, 

and var iab le  cons t r a in t s ,  which in su re  non-negative or i n t ege r  values fo r  , the 

va r i ab l e s  i n  the problem. 

Typical ly ,  t h i s  opt imizat ion problem i s  a  dynamic problem, i . e . ,  the 

problem i s  t o  choose f o r  n  periods the mix of technologies ,  e t  a l . ,  t h a t  w i l l  

1 T  meet the sequence R , 112, .... R of time s p e c i f i c  requirements a t  minimum cos t .  

Cost then, i s  taken t o  be the present  value of a11 cos t s  over the horizon of n  

per iods,  with appropriate  adjustments f o r  the presence of the corporate  income 

tax. 

Since each technology has assoc ia ted  with it. a  s e t  of resource require-  

ments expressed i n  terms of u n i t s  of capac i ty  u t i l i z e d  and u n i t s  of purchased 

inputs  and intermediate  products consumed, each has a  cost .  The opt imiza t ion  

problem associated with the a c t i v i t y  ana lys is  i s  to choose t h a t  s e t  of the ac- 

~ i v i t i c n ,  and s e t  of techno1,ogies for the a c t i v i t i e s  which s a t i s f i e s  the demand 

spec i f i ed  f o r  the f i n a l  products a t  minimum cos t .  

Choice en ters  the model v i a  severa l  routes: f i r s t ,  there  may be sever- 

a l  d i f f e r e n t  combinations of a c t i v i t i e s  which can produce the given product , 

each represent ing a  d i f f e r e n t  sequence of combination of a c t i v i t i e s .  Second, 

even i f  there  i s  a  unique combination of a c t i v i t i e s  which produce the product,  



t h e r e  may be many p o s s i b l e  technologies  which can be chosen t o  accomplish each 

a c t i v i t y .  

Equation . . ( 4 )  gives  the s ta tement  of the p r i v a t e  s e c t o r  problem: the  

energy consumption p a t t e r n  "PI: is  s p l i t  o u t  i n  t h e  o b j e c t i v e  f u n c t i o n  f o r  

use i n  t h e  a n a l y s i s  of t h e  model. 



11. THE INTEGRATED MILL MODEL 

The model i s  presented i n  12 sec t ions ,  each deal ing with a  major process 

block i n  Table 1. 

A. I ron  Ore. Mining, Preparat ion and Shipment 

Due to  the v a r i a b i l i t y  of . iron content i n  var ious i ron  ores and the re- 

quirement f o r  inputs  i n t o  the b l a s t  furnace with c e r t a i n  physical a t t r i b u t e s ,  

i ron  ore preparat ion i s  e s s e n t i a l  t o  the i ron  and s t e e l  making process.  P r io r  

t o  the 1 9 6 0 ' ~ ~  the  bulk of U.S. i r on  ores were l imonite  and hemi t i te ,  with high 

($ 60% Fe) i ron  content .  Depletion of these ore sources has l ed  to:  ( a )  the 

use of r e l a t i v e l y  l o w  grade (30% Fe) magniti te-bearing Taconite which i s  

pe l l e t i zed  to  increase the Fe content ;  (b) an increase  i n  imports of higher  

grade i ron  ore.  I n  1974, the U.  S. imported 35% of i t s  i ron  ore (60% Fe) needs 

with 50% of the imports from Canada and 33% from Venezuela. 95% of domestic 

ores  requi re  benef ic ia t ion  and agglomera t ion  i n t o  p e l l e t s  or  s i n t e r  with an 

i r o n  content of 60-65% Fe. 1 

As many inves t iga to r s  have pointed out,  t h i s  gradual exhaustion of 

domestic ore  reserves w i l l  have a  profound e f f e c t  on energy use i n  the  i r o n  and 

s t e e l  indus t ry ,  s ince  the  higher  cost  per ton Fe equivalent  of imported ore and 

p e l l e t s  w i l l  a l t e r  the cos t  minimizing hot  i ron l sc rap  r a t i o .  We have included 

i n  the model two import opti.ons: p e l l e t  imports and ore concentrates  imports. 

1 
Ref. XVT, p. v l  



P e l l e t s  (63% Fe) a r e  assumed t o  a r r i v e  a t  lower' lake ports  a t  a .1975 

del ivered p r i ce  of $30.00/ton. ' 1975 ore concentrate  pr ices  (51.5% r e )  a r e  

assumed t o  be $18.75/ton. 

A l l  imported ores a re  assumed to  be shipped by r a i l  to  the m i l l s  a t  a 

1975 price.  of $.62 per ton (based on a 25% escula t ion  i n  shipping cos t s  s ince  

1973). The only domestic energy charge i s  the  BTO requirement associated with 

6 
t h i s  t r anspor t a t ion ,  estimated a t  0.08 x 10 BTU per ton by Ba t t e l l e .  

2 

Domestic ore'  production i s  a l s o  i n  two forms - P e l l e t s ,  and 

Concentrates.  Energy and ma te r i a l s  consumption per ton of p e l l e t s  i s  as re- 

ported by ~ a t t e l l e ~  on page A-4 with labor  and maintenance cos t s  taken from 
' 

4 
Russel l  and Vaughan. Ore concentrates  consumption pa t te rns  per ton a r e  based 

on Tables A-3 and A-5 of the same B a t t e l l e  document. 
3 

Costs f o r  domestic ore  a c t i v i t i e s  a r e  based on the same da t a  used t o  

est imate del ivered import pr ices ,  with a f ixed  $l.OO/ton d i f f e r e n t i a l  to r e f l e c t  

preference f o r  domestic ore  by domestic i ron  and s t e e l  producers. The e n t r i e s  

i n  the ob jec t ive  funct ion f o r  domestic ore production a re  "ore ren t  r e s idua l s , "  

i n  tha t  they a re  ca lcu la ted  by subt rac t ing  from market pr ices  (which include 

r en t s  on nonrenewable resources)  the costs  of the mining and processing v a r i a b l e  

inputs  and an est imate of the c a p i t a l  recovery cost fo r  ore processing. They 

thus represent  the res idua l  which accrues to  the owners of the ore bodies them- 

se lves ,  to pay f o r  explorat ion and development cos t s  plus monopoly p r o f i t s .  

'1975 Minerals Yearbook, p. 727 

2Ref. XIV, p. A-4 
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Domes t i c  o re  bodies a r e  exhaustable ,  and of varying qua l i t y .  Est imates  

by the  Bureau of Mines, a re  t ha t  approximately 9 0 0 0 m i l l i o n  tons of high grade 

ore  remain i n  the United S t a t e s  which a r e  minable a t  or near cu r r en t  cos t s .  

Further  ore  could only be obtained a t  h igher  cost .  To r e f l e c t  t h i s ,  the  model 

d i s t i ngu i shes  between three  domestic ore  types: 

( a )  Ore s imi l a r  i n  q u a l i t y  and cos t  to  t ha t  now mined; cost  per deliv- 

ered ton i s  $23.00, and the  quan t i t y  a v a i l a b l e  i s  4,500 x 1 0  
6 

tons . 
(b) Lower q u a l i t y  ore ,  cos t ing  $38.00 per ton t o  mine, with 4,500 x 

6 10 tons ava i lab le .  

( c )  Lowest q u a l i t y  ore  ca s t i ng  $50.00 per ton t o  mine, with 100,000 x 

6 
10 . tons  estimated to  be ava i l ab l e .  (This cons t r a in t  is never 

binding. ) 

North American reserves  (mainly Canadian ~ a c o n i t e s )  amount t o  36,000 x 

6 1 
1 0  tons;  hence no cons t r a in t  is placed upon the amount of o re  o r  p e l l e t  

imports over the  25 year horizon. 

I ron  ore  preparat ion cons i s t s  of p e l l e t i z a t i o n  which occurs a t  the mine 

mouth and s i n t e r i n g  which takes place a t  the i n t eg ra t ed  plant  i t s e l f .  

P e l l e t i z i n g  occurs a t  the mine mouth because there  i s  a 50-65% re s idua l  from 

the  crude ore  which, i f  t ransported,  would make t r anspo r t a t i on  cos t s  p roh ib i t i ve .  

A f u r t h e r  advantage of mine mouth' p e l l e t i z a t i o n  i s  the p e l l e t s  ' res i s tan 'ce  t o  

crushing which allows them to be t ranspor ted  over long d i s t ances ,  i f  necessary. 

The f u e l  sources used i n  the process of p e l l e t i z a t i o n  a r e  o i l ,  n a t u r a l  

gas, and e l e c t r i c i t y  with o i l  and na tu ra l  gas being s u b s t i t u t a b l e  depending upon 

'Ref. X V I I ,  p. 303 



1 
a v a i l a b i l i t y  and price.  According to  the B a t t e l l e  r e p o r t ,  Table A-4, 

- ,  
pel le t . i za t ion  uses a  t o t a l  of 1.6 x l o 6  BTU per ton of p e l l e t s  f o r  concent ra t ion  

and pe l l e t i z ing .  Inclusion of the ore mining and mine mouth ore processing i n  

the model while necessary to evaluate  the f u l l  impact of energy conservation 

measures r a i s e s  some BTU accaunting problems, s ince mining and ore processing 

a re  not reported i n  SIC 3312 ( t h e  I ron  and S tee l  SIC) ,  but i n  SIC 1011. Hence, 

the energy consumption per ton of s t e e l  reported here includes energy which 

other  analyses exclude, which accounts f o r  our s l i g h t l y  higher  energylton 

f igures .  Discrepancies between commonly reported f igures  and t h i s  ana lys i s  a r e  

noted i n  the t ex t .  

The s i n t e r i n g  operat ion,  which i s  necessary t o  convert ore  f i nes  i n to  

chunks s u i t a b l e  f o r  feed i n t o  the b l a s t  furnaces,  i s  based mainly on data  con- 

ta ined i n  Russel l  and vaughan2 and the o ther  sources ind ica ted  i n  Table 6. Cur- 

ren t  s i n t e r  capaci ty i s  47 mi l l ion  tops.3 The inputs  t o  the since= process a r e  
'\. 

a mix- of i ron  bearing mater ia l s  such as  sludge, ore  f i n e s ,  and f l u e  dus t ,  and 

i g n i t i o n  fue ls '  such as  na tura l  gas, coke oven gas, and o i l .  

I gn i t i on  fue l s  cons is t  .of 50% n a t u r a l  gas,  47% coke oven gas (0.5 x 10 
3 

' 3 
BTU per f t  1, and 3% #2 fue l  o i l .  E l e c t r i c i t y  i s  u t i l i z e d  i n  the operat ion of 

the s i n t e r  process fo r  power fans,  d r ive  equipment, e tc .  Agglomeration of i ron  

ore f i n e s  i s  necess i ta ted  by the f a c t  t h a t  otherwise, ascending gas i n  the b l a s t  

furnace would discharge the p a r t i c u l a t e s  out the s tack.  

- - 

'Ref. XQI 

3 ~ e f .  XV, p. A-5 



After  i g n i t i o n  of the mixture i n  the s i n t e r  p l an t ,  combustion causes 

,' ., the agglomerating p a r t i c l e s  to  form a cake which i s  then quenched with water and 

broken in to  pieces of about 4 diameter for  in t roduct ion  i n t o  the b l a s t  furnace 

( the  i ron  content now approximately 60% ~ e ) .  

There has not been much a t t e n t i o n  given t o  f u e l  conserving opt ions i n  

the process of p e l l e t i z i n g  and the s i n t e r  process due to  the small consumption 

of energy r e l a t i v e  t o  the i r o n  and s t e e l  making process.  One technique which 

may be adopted given the s c a r c i t y  of na tu ra l  gas i s  the employment of coal f i r -  

i n g  a t  p e l l e t i  r a t i on  plants .  Some recent  p re l iminary  inves t iga t ions  ' reveal  

fue l  savings on the  order of 4 x 10,13 B N  of o i l  and na tura l  gas per year f o r  a 

complete conversion a t  a l l  p e l l e t i z i n g  p l an t s ,  a t  a cos t  of around $3.00 per 

6 
BTU f o r  the coal g a s i f i c a t i o n  plant .  

Table 6 s h a r i z e s  the data  cu r r en t ly  entered i n  the model f o r  i ron  ore 

mining, preparat ion and shipment. The Roman numberals r e f e r  t o  the various da t a  

' sources used t o  a r r i v e  a t  the numbers; t h e i r  l i s t i n g  i s  given. .The 

abbreviat ions r e f e r  to  the language used i n  the mat r ix  generator accompanying 

t h i s  r epo r t .  

B. Coke Production 

The des t ruc t ive  d i s t i l l a t i . o n  of a blend of coals  i n  the coke ovens a t  

1650-2000'~ produces a carbonaceous residue kn~wn as coke. the primary fue l  f o r  

the b l a s t  furnace, which i n  t u rn  i s  the  source of i ron  f o r  the s t e e l  making 

furnaces.  Since the  coke supply s i t u a t i o n  is one of the major problems f ac ing  

the s t e e l  industry,  a discussion of the source of coke is warranted. 
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In  the b l a s t  furnace a chemical .agent i s  required t o  reduce the oxides 
. .- 

, . 

- '. of i r o n  to m e t a l l i c  i ron ;  t h i s  agent i s  carbon which is provided by coke. For 

the production of coke an expensive low sulphur bituminous coking coal i s  

required. With ninety percent of the U. S. reserves of l o w  sulphur bituminous 

coals  ( located i n  the western pa r t  of the U.S. not s u i t a b l e  f o r  coking, the 

s c a r c i t y  of coking coals i s  unquestionably a growing issue. Although a s o l u t i o n  

t o  t h i s  perplexing problem has been proposed (as  we s h a l l  see l a t e r ) ,  there  i s  

not ,  as  of ye t ,  an economic method f o r  producing coke from non-coking coal .  Of 

the remaining 10% of U. S. reserves of l o w  sulphur bituminous coa ls  t h a t  a re  

s u i t a b l e  f o r  coking, 80% are  loca ted  i n  West Vi rg in ia  and Kentucky. The optimal 

blend of coa ls ,  as reported by Thermo Electron,  i s  60% high v o l a t i l e  coal and 

40% low v o l a t i l e  coal.  A t  present ,  the average mix i s  66% high v o l a t i l e ,  16% 

medium v o l a t i l e ,  and 18% low v o l a t i l e .  I f  only high v o l a t i l e  coal were used, 

coke of a porous, weak nature would a r i s e  whereas the des i r ab l e  c h a r a c t e r i s t i c  . 
, 

1 

i s  a firm, c e l l u l a r  mass of coke - which is' 'a f ea tu re  not poss ib le  with a l l  

bitumf nous coals .  Two other  des i r ab l e  proper t ies  of coking. coals. a r e  a l o w  ash . 

and sulphur content (about 8.1% and 1.3%, r e spec t ive ly ) ;  use of high ash and 

sulphur content coal w i l l  r e s u l t  i n  added s l ag  i n  the b l a s t  furnace, increased 

coke expenditure,  and decreased production. It should be noted here t h a t  coke 

consumption i s  almost d i r e c t l y  proport ional  to  output i n  the in t eg ra t ed  s t e e l  

m i l l ,  wi th .  the el iminat ion of the hydrocarbon i n j e c t a n t  modes of operation. 

Another re levant  f a c t  t h a t  i s  cont r ibu t ing  t o  the. i n t eg ra t ed  s ' teel  m i l l ' s  prob- 

lems . i s  t h a t  the u t i l i t i e s  a r e  vying f o r  low sulphur coal  due t o  the s c a r c i t y  of 



na tu ra l  gas and the environmental pro tec t ion  laws. Therefore,  the problem of 

scarce  supply of bituminous 1 ow sulphur  coking coals  has been compounded. 

The process fo r  manufacturing coke i s  as follows. A preparat ion f a c i l -  

i t y  receives the  various coals s u i t a b l e  f o r  coking, pulverizes  and blends the  

high v o l a t i l e ,  medium.volat i le ,  and low v o l a t i l e  coals  t o  the r e q u i s i t e  

proportions.  The crushed coal i s  t r ans fe r r ed  to the s l o t  ovens loca ted  wi th in  

the boundaries of the p lan t  s i t e  and charged i n t o  the "by-product" coke ovens 

(so named "by-product" because of the recovery f a c i l i t i e s  f o r  c o l l e c t i n g  the  

by-products such as  l i g h t  o i l s ,  t a r ,  ammonia, and coke oven gas) .  Combustion 

a i r  is heated i n  regenerators  and mixed with under-fire f u e l s  (of which 40% i s  

recycled coke oven gas) f o r  burning i n  the combustion chamber. Under normal op- 

e r a t i n g  condit ions,  the charge i s  heated 14-16 hours a f t e r  which the coke i s  

forced i n t o  waiting cars  where i t  is water quenched t o  prevent combustion.. ,A 

s i g n i f i c a n t  port ion of the  sens ib l e  heat  is l o s t  here  (approximately 1.4 x 10  
6 

BTU per ton of coke) which can be recovered. After  cooling; the coke i s  crushed 

and screened. The major' port ion of the coke i s  then t ransmit ted t o  the' b l a s t  

furnace and the remaining f ines  a r e  conveyed to  the reclamation p lan t  'where t h i s  

coke breeze i s  u t i l i z e d  as a fue l  i n  the s i n t e r i n g  operat ion.  In  summary, the 

outputs  of the coke oven are:  1 )  coke, 2) a mixture of H and CH. ca l l ed  coke 2 4 
3 oven gas with a hea t ing  value of 500 BTU per ft , 3) coke breeze, and 4) l i g h t  

o i l s  and t a r s .  

The primary problems of the s t e e l  indus t ry  vis-a-vis coke a re  a s  

follows : 

1. a dwindling supply of s u i t a b l e ,  low sulphiiit bituminous coking 

coals ,  

2. a decreasing qua l i t y  i n  the const i tuency of coke, 



3. compet i t ion wi th  u t i l i t i e s  ' f o r  bituminous c o a l s ,  and 

4. l o s s  of s e n s i b l e  h e a t  i n  t h e  water  quenching of coke. 

The loss-of-sensible-heat  probl& and the  decreasing-quali ty-of-coke problem can 

.be somewhat obv ia ted  by a process  c a l l e d  dry  quenching which has been used wi th  

some success  i n  Europe and t h e  U. S. S.R., and i s  an o p t i o n  i n  t h e  model. The d r y  

quench process  d i f f e r s  f r m  the  wet quench process  i n  t h a t  t h e  h o t  coke i s  

dropped i n t o  a coo l ing  chamber where by v a r i o u s  means combustion i s  prevented 

6 and t h e  coke is cooled,  sav ing  1 . 2  x 10 BTU per  ton of coke.' C a p i t a l  c o s t s  

a r e  $123/ton2 f o r  w e t  coking, and a c o s t  o f  $15/ton f o r  r e t r o f i t t i n g  wet coke t o  

3 
t h e  dry coke p rocess .  

Table 7 d i s p l a y s  the  p o r t i o n  of the  m a t r i x  g e n e r a t o r  d e a l i n g  wi th  coke 

product ion,  and t h e  r e f e r e n c e s .  

C. B l a s t  Furnace 

The primary f u n c t i o n  of t h e  b l a s t  fu rnace  is t o  produce pig  i r o n  f o r  
. . 

i n t r o d u c t i o n  i n t o  t h e  s t e e l  making fu rnaces .  The process  of manufactur ing p i g  
. . 

i r o n  invo1v.e~ i n p u t  of a burden which may c o n s i s t  of agglomerated o r e s  ( p e l i e t s  

and/or  s i n t e r ) ,  lumped ores  ,' s c r a p ,  and l imes tone  and i n p u t  of coke which 

s u p p l i e s  carbon monoxide gas which i n  t u r n  combines wi th  t h e  i r o n  oxides  t o  form 

C02 gas and p ig  i r o n .  The o u t p u t '  of t h e  b l a s t  fu rnace  is  pig  i r o n ,  s l a g  (formed 

from l imestone combining wi th  su lphur  and o t h e r  i m p u r i t i e s ) ,  and an o f f g a s  wi th  

3 a h e a t i n g  va lue  of 95 BTU per  f t  . During t h e  process  of making p i g  i r o n  (which 

is tapped every t h r e e  t o  f i v e  hours i n  q u a n t i t i e s  of 300-600 tons  1, t h e  b l a s t  . . 

'Ref. XVIII, p. 28 . . 

%ef.  XX 

3 
Average of c o s t s  given i n  Ref. XVIII and Ref. X V I  
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furnace o f f g a s  i s  d i recte 'd  t o  a  b o i l e r  which p r o d u c ~ s  compressed a i r  v i a  a  steam 

powered blower. Funneling t h e  a i r  through t h e  f o u r  o r  f i v e  ho t  b l a s t  s t o v e s  

provides f o r  the  necessa ry  hea t  r equ i red  i n  the  b l a s t  which is  blown i n  a t  a  

temperature of 1200-2000°F a t  t h e  t u y e r e s  near the  bottom of t h e  b l a s t  furnace.  

Af te r  tapping,  the  p ig  i r o n  i s  t r a n s p o r t e d  t o  the  steel-making fu rnaces .  

Being t h e  l a r g e s t  consumer of energy (41%) i n  t h e  i r o n  and s teelmaking 

p rocess ,  the  b l a s t  fu rnace  has rece ived  much a t t e n t i o n .  

Although t h e  reduc t ion  of energy consumption i.n t h e  b l a s t  fu rnace  has  

been a  t a r g e t  of numerous i n v e s t i g a t i o n s ,  the  primary purpose has been t o  

examine methods by which the  coke r a t e  can be l essened ,  r a t h e r  than a reduc t ion  

i n  t o t a l  BTU use / ton .  Nominal average values  of energy and non-energy i n p u t s  

a r e  those  found i n  Reference V,  p. 69. 

S m e  systems f o r  l e s s e n i n g  the  coke r a t e  do no t  n e c e s s a r i l y  r e s u l t  i n  

a  lowering of t h e  energy consumption per  ton of p ig  i ron 'p roduced .  Var ious  

reasons  f o r  t h e  coke r a t e s  having been reduced i n  y e a r s  3 a s t  a r e  a s  fol lows:  
. . 
1. i n s t a l l a t i o n  of new b l a s t  fu rnaces  wi th  high top p r e s s u r e s ,  

2. improvement of o l d  b l a s t  furnaces  by r e t r o f i t t i n g  o p e r a t i o n s ,  

3. inc reased  a i r  b l a s t  temperatures ,  

4. op t imiza t ion  of burden,  and 

5. i n j e c t i o n  of hydrocarbons. 

A l l  these  op t ions  a r e  included i n  the  model. * 

( i )  Higher Top p r e s s u r e s  

The m a j o r i t y  of b l a s t  furnaces  o p e r a t i n g . t o d a y  were i n s t a l l e d  

p r i o r  t o  t h e  1950 's  and tend t o  o p e r a t e  wi th  a  top p r e s s u r e  of around' 5 ps ig .  

The average coke r a t e  of 1200 l b .  coke per ton of p ig  i r o n  can be reduced i f  

t h e  top p r e s s u r e  i s -  inc reased .  Thermo E l e c t r o n  r e p o r t s  t h a t  a t  t h e  opt imal  wind 



r a t e ,  sav ings  w i l l  'amount t o  100 l b .  coke per ton of p ig  i r o n .  With the  i n s t a l -  
. . .. 

- ,  l a t i o n  of new b l a s t  fu rnaces ,  i t  i s  p o s s i b l e  f o r  t h e  des ign  t o  a l low f o r  h i g h e r  

top  ' p r e s s u r e s .  It i s  noteworthy t h a t  the  Japanese  have b l a s t  furnaces  o p e r a t i n g  

wi th  top  p r e s s u r e s  as  h i g h  as  -32 psig.' C a p i t a l  c o s t s  of such new furnaces  a r e  

assumed t o  be $46/annual ton of capac i ty .  

( ii ) Higher Temperatures 

Re l in ing  and r e b r i c k i n g  i n  e x i s t i n g  b l a s t  fu rnaces  a l lows f o r  

i n c r e a s e d  a i r  b l a s t  temperatures .  From 1958 t o  1968 t h e  average b l a s t  tempera- 

t u r e  has  inc reased  from 1230°F t o  1550°F. This decreases  the  coke charge by 

about 30 l b / t o n  f o r  each 100°F i n c r e a s e  i n  b l a s t  temperature ;  temperatures  of 

2200°F a r e  considered o b t a i n a b l e  with r e l i n i n g  a t  a c o s t  of $5 / ton  c a p a c i t y .  
1 

( i i i )  Be l l - l e ss  Tops -- 
o p t i m i z a t i o n  of burden i s  most e a s i l y  achieved by u t i l i z a t i o n  

of b e l l - l e s s  tops .  Three d i s t i n c t  advantages a r i s e  from t h e  use  of b e l l - l e s s  
I 

tops:  1 )  coke r a t e  i s  l essened  by 30 l b .  coke per ton  of p i g  i r o n ,  2) low , 

c a p i t a l  c o s t s  due t o  t h e  s t r u c t u r e  of t h e  b e l l - l e s s  top ,  and 3)  t h e  mix of t h e  

burden inpu t  i s  con t ro l l a 'b le .  C a p i t a l  and i n s t a l l a t i o n  c o s t s  a r e  assumed t o  be 

2 
$18 per  ton , al though on ly  15% of e x i s t i n g  fu rnaces  can take t h e  p r e s s u r e s .  

3 

Addi t iona l  savings  might be achieved by i n s t a l l i n g  expansion t u r b i n e s  a t  a c o s t  

1 
Ref. X, p. 5-17 

2 ~ e f .  X, p. 6-9 ' 

3 ~ e f .  XVIII, p. 50,52 



( i v )  Hydrocarbon I n j e c t i o n ,  Coal i n j e c t i o n  

� not her means of reducing the  coke r a t e  is i n j e c t i o n  of hy- 

drocarbons (mainly n a t u r a l  gas 'and o i l ) .  With approximately 70% of the  b l a s t  

fu rnaces  i n  t h e  U.S. i n j e c t i n g  hydrocarbons,  t h e  r e s u l t s  a r e  c o n s i s t e n t l y  simi- 

l a r ,  i - e . ,  a  decrease  i n  thermal e f f i c i e n c y  and an i n c r e a s e  i n  energy consump- 

t i o n  per ton of p i g ' i r o n  produced. .  However, a s  t h e  s u p p l i e s  of n a t u r a l  gas 

dwindle, more s teelmaking concerns a r e  a t t empt ing  t o  u t i l i z e  pu lver ized  c o a l  a s  

t h e  main i n j e c t a n t  i n t o  t h e  b l a s t  fu rnace  a t  t h e  s u b s t i t u t a b l e  r a t e  of 0.78 l b .  

1 
coke per lb .  of c o a l  up t o  28% of the  coke inpu t .  C a p i t a l  c o s t s  f o r  t h e  c o a l  

p u l v e r i z i n g  equipment a r e  assumed t o  be $7.00 ton. 2 

I n  summary, i t  should be pointed ou t  t h a t  t h e  s c a r c i t y  of low 

su lphur  bituminous coking coa l s  has preempted the  sea rch  f o r  methods devised 

p r i m a r i l y  t o  reduce t o t a l  energy consumption i n  t h e  b l a s t  furnace.  

The b l a s t  fu rnace  i s  q u i t e  v e r s a t i l e ,  being a b l e  t o  accept  a  

v a r i e t y  o'f charges  (mixes of s c r a p ,  s i n t e r ,  p e l l e t s ,  lump o r e )  wi th  l i t t l e  

3. 
change i n  performance. Russe l l  and Vaughan s p e c i f y  a  wide range of charges on 

s e v e r a l  b l a s t  furnace types .  I n  t h i s  model on ly  t h r e e  types of b l a s t  fu rnaces  
. . 

a r e  included:  . '. 

( a )  those b u i l t  p r i o r  t o  1950. (amounting t o  40 m i l l i o n  tons 

c a p a c i t y )  which because of t h e i r  l i m i t e d  a b i l i t y  t o  wi ths tand e i t h e r  h igh tem- 

p e r a t u r e s  o r  h igh p ressures  a r e  allowed only  one (low pressur'e and t empera tu re )  

mode of opera t ion .  I n  a d d i t i o n ,  i n  order  t o  r e f l e c t  t h e  p o s s i b i l i t y  t h a t  coke 

'Ref. XVI,  p. VII-4 

5 e f .  XYIII, p. 38 ,44  



might replace hydrocarbon i n j  ec t a n t s  i n  these old furnaces,  the nominal input 
, . 

mix given i n  Ref. V ,  p. 69 was modified so tha t  coke input  replaced a l l  

i n j e c t a n t s .  

(b )  those b u i l t  a f t e r  1950 (80 mi l l i on  tons capac i ty)  .which 

have severa l  options: 

i )  a  choice of burden mix - f u l l  p e l l e t ,  high p e l l e t ,  

high s i n t e r ,  high &e 

i i )  a  choice of BTU sources - high coke, hydrocarbon 

i n j e c t i o n  

i i i )  a  high temperature opt ion  ( requi r ing  r e t r o f i t -  

r e l i n i n g  a t  a  cos t  of $5.00/ton) 

i v )  a be l l - less  top opt ion ( r equ i r ing  r e t r o f i t - t h e  top 

i t s e l f  cos t ing  $18.00/ton) 

v) powdered coal  i n j e c t i o n  ( r equ i r ing  cons t ruc t ion  of 

a  coal  pu lver izer  a t  a  cos t  of $7.00/ton) 

v i )  a  low energy use mode of opera t ion  suggested by the  

In t e rna t iona l  I ron and S t e e l  I n s t i t u t e .  

Not a l l  combinations of ( i )  t o  ( v i )  a r e  allowed - hence only 14 combinations 

appear i n  the model. 

( c )  the Jordan b l a s t  furnace, which i s  r e a l l y  a coal  

g a s i f i e r  with by-produce i ron  produced during the operat ion,  which cos t s  $86/ton 

annual capacity.. ( ~ e  f .  XI) 

Table 8 l i s t s  the options and the sources of the data  u t i -  

l i zed  i n  modelling the Blas t  Furnace Act iv i ty ;  the following code explains  the 

abbreviat ions given i n  Table 8. 



Code f o r  Table  8 

LONM = B l a s t  fu rnace  wi th  low lumped ore  i n p u t .  ( :2 tons o re ,  .97 tons  

p e l l e t s ,  .46 tons  s i n t e r  - approximates AISI 1976 f i g u r e s )  

MONM = B l a s t  furnace wi th  medium lumped ore  i n p u t .  ( .41 tons o r e ,  .76 

p e l l e t s ,  .46 s i n t e r  - approximates AISI 1974 f i g u r e s )  

HONM = B l a s t  fu rnace  wi th  high lumped ore  i n p u t .  ( 1.17 - t o n s  o r e ,  .46  

tons s i n t e r )  

50BF * 1950 B l a s t  furnace.  ( u s e  on ly  MONM) 

JORD = Jordan b l a s t  fu rnace  

XIS1 = I n t ' l  I r o n  and S t e e l  I n s t i t u t e  furnace.  (1.16 tons p e l l e t s ,  . 46  

tons s i n t e r )  

LOHI = B l a s t  fu rnace  wi th  low ore  and hydrocarbon i n j e c t a n t s .  (coke 

charge reduced from .6  tons  t o  . 4  tons by i n j e c t i o n  of equiva- 

l e n t  BTU v a l u e )  

MOHI " B l a s t  fu rnace  wi th  medium o r e  and hydrocarbon i n j e c t a n t s  

HOHI = B l a s t  fu rnace  wi th  high o re  and hydrocarbon i n j e c t a n t s  

LOHT = Blas t  fu rnace  wi th  low ore  and high temperature .  ' (hydrocarbon 

i n j e c t i o n  plus  r e l i n i n g  r e q u i r e d )  

NOHT = B l a s t  furnace wi th  medium. o r e  and .high temperature 

HOHT = B l a s t  fu rnace  with high o re  and h igh  temperature  

LOPC = B l a s t  furnac.e wi th  low o r e  and pu lver ized  coa l .  (. 7 8  l b  coke 

reduc t ion  per  1 l b  coa l  up t o  28% of coke i n p u t )  

MOPC = B l a s t  fu rnace  with medium o r e  and pu lver ized  c o a l  

HOPC = B l a s t  fu rnace  w,ith high o re  and pu lver ized  coa l  

LOBT = ~ l a s - t  furnace wi th  low ore  and b e l l - l e s s  tops .  (. 02 ton  coke 

reduc t ion  i f  r e t r o f i t t e d ) '  
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D. D i r e c t  Reduction 
. . 

These a r e  b a s i c a l l y  two types  of d i r e c t '  r educ t ion  processes :  gaseous 

d i r e c t  r educ t ion  and s o l i d  d i r e c t  r educ t ion .  I n  gaseous d i r e c t  r e d u c t i o n  the  

reduc tan t  f o r  removing oxygen from i r o n  i s  a gas ,  e i t h e r  hydrogen o r  carbon mon- 

oxide.  I n  s o l i d  d i r e c t  r educ t ion  processes  the  r e d u c t a n t  i s  u s u a l l y  a s o l i d  

carbon. An i d e a l  i r o n  o re  f o r  use i n  a d i r e c t  r e d u c t i o n  process  would have an 

i r o n  con ten t  of near  60 percen t .  S u b s t a n t i a l  amounts of t h i s  type of o r e  do 

e x i s t  and i f  a "run-of-the-mine" o re  cannot be used,  b e n e f i c i a t e d  o r e s  can. 

Both types  of d i r e c t  r e d u c t i o n  processes  a r e  shown i n  F igure  1. The 

gaseous reduc tan t  process  i s  t h e  MIDREX  PROCESS^'^ named by the  Midland-Ross 

Corporation.  The s o l i d  r e d u c t a n t  process  i s  t h e  SL/RN process ,  an acronymic 

name f o r  t h e  f o u r  companies which developed i t .  I n  both  p rocesses  t h e  product  

y ie lded  i s  from 92 t o  95% m e t a l l i z e d .  

Severa l  advantages of d i r e c t l y  reduced i r o n  o r e  a r e :  

1 
1. chemical composit ion is  known. e x a c t l y ;  

, .  . -  . 

2. chemical composit ion is  uniform; 

3. con ta ins  no u n d e s i r a b l e  m e t a l l i c  i m p u r i t i e s ;  

4. easy t o  t r a n s p o r t  and handle;  , 

5. inc reased  s t e e l  fu rnace  p r o d u c t i v i t y ;  

6. d i r e c t  r e d u c t i o n - e l e c t r i c  fu rnace  f a c i l i t i e s  can be c o n s t r u c t e d  

more quickly  than coke oven-blast  furnace-basic  oxygen f a c i l i t i e s .  
3 

3 ~ e  f ;  XXIX 



Some s t u d i e s  have shown t h a t  f o r  smal l  p l a n t s  the  economic 

advantages of t h e  SL/RN e l e c t r i c  fu rnace  r o u t e  a r e  favored whereas f o r  l a r g e  

c -  
6 

p l a n t s  (de f ined  as g r e a t e r  than 2.5 x 1 0  tons per y e a r )  it i s  most economical 

. t o  c o n s t r u c t  b l a s t  furnace-basic  oxygen f a c i l i t i e s .  Of the  two types  of d i r e c t  

r educ t ion  p rocesses ,  the  SL/RN i s  favored i n  t h e  U.S. s i n c e  the  s o l i d  r e d u c t a n t  

u t i l i z e d  i s  coa l  and gaseous r e d u c t a n t s  such a s  n a t u r a l  gas a r e  becoming more . 

s c a r c e .  

I n  t h e  i n t e g r a t e d  m i l l ,  the 'Midrex Process  is  a v a i l a b l e ,  u s i n g  

3 p e l l e t i z e d  o r e s  of 60% Fe con ten t  t o  o b t a i n  a product of 92% m e t a l l i z a t i o n  , 

thus requi ' r ing 1.53 tons of p e l l e t s /  ton of sponge - o r e .  Fuel consumption is es- 

6 3 
t imated a t  12.7 x. 1 0  BITU/ton f o r  the. p rocess ,  a t  a c o s t  of $92.30/ ton of 

sponge o r e  produced. 

The modql al lows sponge o r e  t o  be charged t o  any s t e e l  process  -ele- 

c t r i c  a r c ,  open h e a r t h ,  ' o r  BOF - even. though worldwide p r a c t i c e  is r e s t r i c t e d  t o  

t h e  e l e c t r i c  a r c  o r  t h e  b l a s t  fu rnace .  
.4 

I n  a d d i t i o n ,  t h e  SL/RN s o l i d  . r educ tan t  is a v a i l a b l e  a s  an o p t i o n  i n  t h e  . 

mini-mil l ,  us ing  c o a l  a s  t h e  s o l i d  reduc tan t :  the  i n p u t s  a r e  based on t h e  r e f -  

erences  c i t e d ,  p lus  t h e  c o s t  breakdown i n  Reference XIX, p. 85. 

'Ref. IW( 

3 
Ref. X,  p. 5-6 

4Ref. X I X ,  p. 61 



Table 9  gives the data  found fo r  the d i r e c t  reduct ion process i n  the 

- ,  2 
matrix generator .  Additional capaci ty over the 1.1 mi l l ion  tons now i n  ex is -  

tence i s  assumed to  cost  $140/ton. 
1 

E. Open Hearth Furnaces 

P r io r  to  the 19701s,  the mainstay of the i ron  and s t e e l  indus t ry  was 

the 'open hear th  furnace. Due to economic considerat ions and the energy c r i s i s ,  

a  new workhorse, the bas i c  oxygen furnace,  has emerged. I n  1973, 55% of the ca- 

paci ty  was bas ic  oxygen, 27% was open hear th ,  and 18% were e l e c t r i c  a r c  

furnaces.  The fundamental process i n  a l l  the s t e e l .  furnaces i s  one of convert- 

ing the major inputs  of pig i ron  and scrap  v i a  'oxidation i n t o  molten s t e e l .  

In the open hearth furnace which cons i s t s  of a  rec tangular  r e f r a c t o r y  

hearth enclosed by r e f r ac to ry  l ined  walls and roof, s c r ap  i s  f i r s t  charged ac- 

companied by a  small amount of limestone. After  the fue l  has been ign i t ed  and 

A. . the mel t ing .of  charge has begun, the proportioned amount of pig i r o n  is charged. 
! 

k. .. , . 
High pu r i ty  oxygen i s  b l a m  in. After var ious  minor operat ions the molten s t e e l  

i s  tapped f o r  a  t o t a l  cycle time of from e igh t  to  twelve hours. The predominant 

c h a r a c t e r i s t i c s  of the open hearth process are:  

1. a b i l i t y  to  be charged with up t o  100% scrap ,  

2. a b i l i t y  to be r e t r o f i t t e d  by Q-basic oxygen process,  

3. t o t a l  t ap  t o  tap. time of approximately e ighr  hours alid, 

4. decreas.ing usefulness  because of emergence of bas ic  oxygen process 

6 
(output decreased from 100 x  10 tons of raw s t e e l  i n  1964 t o  40 f I 

l o 6  t o  of raw s t e e l  i n  1973). 

1 
Ref. X I X ,  p. 85 

' ~ e f .  XVI ,  p. YII-31 
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The model has  t h r e e  types of open h e a r t h  fu rnaces :  

( a )  t h e  small  r e l a t i v e l y  o l d  v i n t a g e s  with 1 m i l l i o n  tons of aggrega te  

c a p a c i t y  

( b )  small  u n i t s  b u i l t  s i n c e  1945, amounting t o  1 5  m i l l i o n  tons  capa- 

c i t y  

( c )  l a r g e  u n i t s  b u i l t  s i n c e  1945, amounting t o  34 m i l l i o n  tons o f  

y e a r l y  c a p a c i t y  

( ~ h e s e  d a t a  were taken from Reference XV, e x h i b i t  A - 5 . )  Energy and 

non-energy i n p u t s  a r e  a s  r e p o r t e d  i n  Reference V,  p. 70, wi th  t h e  fol lowing ex- 

c e p t i o n s .  F i r s t ,  a  h igh s c r a p  o p t i o n  ( .  75 s c r a p ,  - 3 8  pig  i r o n )  i s  a v a i l a b l e  f o r  

a l l  v i n t a g e s  as an a l t e r n a t i v e  t o  the  nominal mix i n  Reference V ,  ( .51  s c r a p ,  

6 
.62  pig  i r o n ) .  When t h i s  op t ion  is chosen, an a d d i t i o n a l  - 2 1  x 10 BTU is 

'assum+ necessa ry  t o  h e a t  the  sc rap .  Second, oxygen i n j e c t i o n  i s  a v a i l a b l e  on ly  

3 
i n  t h e . . l a r g e  u n i t s  b u i l t  s i n c e  1945, and t h e  a d d i t i o n  of 2 x l o 3  f t  per ton i s  

6  
assumed t o  reduce hydrocarbon i n p u t s  by 1 . 4  BTU / ton .  E l e c t r i c i t y  i n p u t s  in- 

3 c r e a s e  by .14 kWh / t o n  when t h i s  o p t i o n  is  used. Third ,  nominal e l e c t r i c i t y ,  

steam (net-use minus by-product steam o u t p u t )  by-product f u e l  (coke oven gas and 

t a r s )  and n a t u r a l  gas and o i l  use  per  ton f i g u r e s  ' a r e  as  repor ted  i n  Reference 

X, p. 4-7. Four th ,  l a b o r  and maintenance c o s t s  a r e  as r e p o r t e d  i n  Reference X I ,  

t h e  Russe l l  and Vaughan e f fo r t . .  F i n a l l y  o f f g a s ,  oxygen, and waste h e a t  numbers 

a r e  as  repor ted  i n  Reference V I I .  The terms i n  t h e  o b j e c t i v e  f u n c t i o n  a r e  t o  

r e f l e c t  t h e  h i g h e r  c o s t  of o p e r a t i n g  t h e  o l d e r ,  l e s s  e f f i c i e n t  equipment. 

Table 1 0  g i v e s  t h e  p o r t i o n  of t h e  m a t r i x  g e n e r a t o r  applying t o  the  open 

h e a r t h  fu rnace  with t h e  d a t a  sources .  

New investment . in .  open h e a r t h s  i s  allowed i n  t h e  model a t  a  c a p a c i t y  

c o s t  of $36/ ton,  g iven i n  Reference XX. F u r t h e r ,  e a r l y  and average open h e a r t h s  
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can be converted to  Q-BOP'S a t  a cos t  of $12.50 per ton, given i n  Reference X, 
1 . '  ' 

. . 
p. 5-29, assuming the cost  of .a BOF i s  as reported i n  Reference XX. 

F. Q-BOP ' s t ee l  Process 

A new process cal led.  the Q-basic oxygen process had a worldwide capa- 

6 
c i t y  of 19 x 10 tons per year i n  1973, of which nearly L O  m i l l i on  tons ' i s  i n  

the United S ta t e s .  
1 

The d i f fe rence  between the QBO and the BO process i s  t h a t  oxygen i s  

blown i n  a t  the tuyeres located a t  the bottom of the QBO furnace. Other notable  

d i f fe rences  are:  

1. hot metal y i e l d  increase  of 2% because of l e s s  s p i l l a g e ,  

2. lowered c a p i t a l  cos t s  as opposed t o  BO furnaces ( lessened overhead 

s t r u c t u r e  requirements 1, 

3. product iv i ty  increase of lo%,  and 

4. increased energy consumption per ton of raw s t e e l  (as  compared t o  

the bas ic  oxygen furnace)  due to  the neces s i ty  of using an addi- 

6 2 
t i ona l  . I68 BTU / t on  of na tura l  gas i n  the process.  

The input  values i n  Table 11 r e f l e c t  the above adjustments t o  the input  

f igures  f o r  the BOP nominal opera t ing  values.  

One energy conserving opt ion - the i n s t a l l a t i o n  of offgas recovery 

hoods i s  included i n  the model. I c  perinies che reclaiiiaeisd s f  .42  BiU / t o n  

offgas a t  a cos t  of $5.00/ton annual capaci ty.  
3 

1 
Ref. X,  p. 5-32 

s e t .  x, p. 5-32 

3 
Ref. X ,  p. 6-24, and Ref. XVII, p. 69-74 
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New Q-BOP capac i ty  can be purchased a t  $201 ton ,  and old open hear th  ca- 
- .  

I'. 
.., ,' 

paci ty  can be r e t r o f i t t e d  a t  $1 2.50/ ton annual capaci ty,  according t o  Reference 

Table 11 i s  the sec t ion  i n  the mat r ix  generator  dealing with the  

process , .  and gives the references f o r  a l l  the contained data.  

G. Basic Oxygen Process Furnace 

The design of the bas ic  oxygen furnace d i f f e r s  g rea t ly  from the open 

hear th  furnace. The bas ic  oxygen furnace i s  a pear shaped vessel  which a t  the  

beginning of i t s  cycle is  t i l t e d  a t  a for ty-f ive degree angle to  f i r s t l y  

accommodate a sc rap  charge (up t o  30% of charge),  secondly to receive the molten 

pig i ron  charge. After the l a d l e  i s  uprighted,  high p u r i t y  oxygen i s  i n j ec t ed  

by means of a water cooled lance loca ted  a t  the top of the vessel .  Maintaining 

the melt  a t  2500-2900°~, chemical reac t ions  take place a f t e r  which the molten - 
s t e e l  is poured i n t o  t r ans fe r  cars  f o r  t ranspor t ing  e i t h e r  to an ingot  pouring 

platform or  t o  a continuous cas t ing  machine. The tremendous advantage of the 

basic  oxygen furnace i s  its t o t a l  cycle time which i s  approximately for ty- f ive  

minutes; t h i s  r e s u l t s  i n  t o t a l  cos t  savings i n  the order  of 12 t o  15% over the 

1 
open hearth,  desp i te  higher ma te r i a l  cos ts .  With bas ic  oxygen furnaces 

replacing open hearth a t  a rapid r a t e  and with the l i m i t a t i o n s  on the amount of 

sc rap  which can be charged i n t o  a B6 furnace, i n t eg ra t ed  p lan ts  a re  r e ly ing  upon 

the e l e c t r i c  a r c  furnace t o  process the excess scrap. The preva i l ing  character-  

i s t i c s  of the basic  oxygen furnace a r e  as follows: 



1. i n c r e a s e  i n ' o u t p u t  from 17.5% of t o t a l  s t e e l  p roduc t ion  i n  1965. t o  

6  
55.5% i n  1973 (caus ing  a  decrease  from 3.2 t o  2.3 x 1 0  BTU per ton 

of raw s t e e l  due t o  BTU's saved i n  t h e  .switch from O H ' S  t o  BO's) ,  

2. c y c l e  time of 45 minutes which r e s u l t s  i n  a s i g n i f i c a n t  i n c r e a s e  of 

ou tpu t  per u n i t  c a p i t a l  ( a s  compared t o  an OH f u r n a c e ) ,  and 

3. a  b e t t e r  a b i l i t y  t o  have o f f g a s e s  captured wi th  o f f g a s  hoods wi th  

6 
sav ings  of .75 x 1 0  BTU per  ton of raw s t e e l .  

A s  i n  t h e  case of o t h e r  equipment, d i f f e r i n g  v i n t a g e s  of BOP'S have 

d i f f e r i n g '  c h a r a c t e r i s t i c s .  The model d i s t i n g u i s h e s  between t h r e e  v i n t a g e s :  ( a )  

those  small  i n s t a l l a t i o n s . b u i l t  p r i o r  t o  1961; a  m i l l i o n  .tons of c a p a c i t y  a r e  

s t i l l  opera t ing ;  (b )  those b u i l t  i n  the  1961-1968 per iod ,  amqunting t o  54 

m i l l i o n  tons c a p a c i t y ;  ( c )  those  b u i l t  s i n c e  1968, t o t a l l i n g  1 5  m i l l i o n  tons  

y e a r l y  capac i ty .  
1 

Severa l  energy saving o p t i o n s  a r e  a v a i l a b l e  i n  t h e  model. 

1 
BOF o f f g a s  hoods have long been recognized as a p o s s i b l e  method of 
. . . .  . .  . 

6 
energy conservat ion.  This  o f f g a s ,  whose q u a l i t y  is i n  t h e  250-300 BTU /cuf  

range,  could be u t i l i z e d  by o t h e r  p rocesses .  For .  an . investment  c o s t  of 

6  2  
$S.OO/ton BOF c a p a c i t y ,  an es t imated  .42  x  10 BTU's per year  can be saved w i t h  

t h i s  op t ion .  Cur ren t ly ,  9.8 m i l l i o n  tons of BOF c a p a c i t y  have such hoods in- 

3 .  
s t a l l e d  , with an a d d i t i o n a l  5.8 by 1984. 

3 

Next, the  p o s s i b i l i t y .  of i n c r e a s i n g  the  maximum sc rap  charge t o  t h e  BOF 

by s c r a p  p r e h e a t e r s  has  been explored as  a  method of u t i l i z i n g  t h e  same BOF 

'Ref. XXII 

Z 
Ref. X V I I ,  p. 70 
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o f f g a s e s .  This would then allow the  i n t e g r a t e d  m i l l s  t o  r e t i r e  the  open h e a r t h s  

* without t h e  n c e s s i t y  of b u i l d i n g  new e l e c t r i c  a r c  fu rnaces  ' t o  handle  t h e  home 

sc rap .  Such p r e h e a t e r s  can i n c r e a s e  BOF s c r a p  charges from .32 t o n s l t o n  t o  .45 

' tons/ ton of s t e e l ,  us ing  only t h e  o f f g a s e s  saved by t h e  recovery process  j u s t  

1 2  
mentioned. Estimated c o s t s  f o r  t h i s  o p t i o n  a r e  $2.  SO/ ton.  No o p e r a t i n g  s c r a p  

p rehea t  f a c i l i t i e s  e x i s t  i n  t h i s  country  today. The r e t r o f i t  of e x i s t i n g  BOF 

f a c i l i t i e s  w i t h  those  devices  i s  l i m i t e d  i n  t h e  model t o  those  c o n s t r u c t e d  s i n c e  

1968. The model a l lows c o n s t r u c t i o n  of new BOF f a c i l i t i e s  wi th  t h e s e  op t ions :  

t h e  c o s t  of a  new BOF i s  assumed t o  be $25/ ton of annual c a p a c i t y .  
3 

Each BOF v i n t a g e  has a  d i f f e r i n g  s e t  of o p e r a t i n g  op t ions .  Those b u i l t  

p r i o r  t o  1961 have only  one mode of o p e r a t i o n  t o  r e f l e c t  t h e  l i m i t e d  v e r s a t i l i t y  

of t h e s e  e a r l y  p l a n t s  - t h a t  g iven i n  source  V, p. 41 f o r  t h e  non-energy i n p u t s ,  

and source  X, p. 4-6, f o r  the  energy i n p u t s .  The l a t e r  two v i n t a g e s  have t h r e e  

o p t i o n s  - a low s c r a p  o p t i o n  (100% p i g  i r o n  charge) ,  a  nominal s c r a p  o p t i o n  (.32 

t o n s l t o n j  and, with .the sc rap  p r e h e a t e r  i n s t a l l e d ,  a  h igh s c r a p  o p t i o n  ( .45  

t o n s l t o n ) .  F u r t h e r ;  t h e  two v i n t a g e s  can be r e t r o f i t t e d  wi th  hoods t o  c a p t u r e  

the  o f f g a s e s .  If those  f a c i l i t i e s  with s c r a p  preheat  i n s  t a l l a t i o n s  a r e  opera ted  

6  a t  nominal o r  low s c r a p  charges,  i t  is assumed t h a t  t h e  .42 x 1 0  BTU recovered 

f o r  s c r a p  preheat  can be used elsewhere i n  t h e  m i l l .  

 able 1 2  g ives  t h e  d a t a  sources  and t h e  a p p r o p r i a t e  s e c t i o n ' o f  t h e  ma- 

t r i x  genera to r .  

1 
Ref. X, p. 5-26 

. ? ~ s t i m a t e  
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H. E l e c t r i c  ~ r c s  

The treatment of e l e c t r i c  a r c  operat ion i n  the model i s  r e l a t i v e l y  

simple. Two vintages a r e  i d e n t i f i e d  - pre-1945 and post-1945. The e a r l y  

vintages can produce both carbon and a l l o y  s t e e l s ,  while the l a t e r  vintage can 

produce carbon, a l l oy ,  and s t a i n l e s s  s t e e l .  An opt ion i s  ava i l ab l e  t o  use the 

sens ib l e  heat  i n  the offgases  to  preheat the scrap  charge f o r  carbon s t e e l  only, 

thus reducing e l e c t r i c i t y  consumption by 15%. This can be i n s t a l l e d  as a  

r e t r o f i t  on post-1945 furnaces,  and on a l l  new furnaces; the  cos t  i s  assumed t o  

be $5.00/ton. New e l e c t r i c  a r c  capac i ty  i s  ava i l ab l e  i n  the model a t  a  cos t  of 

3 $25.00/ ton. 

E l e c t r i c i t y  consumption per ton i n  the model depends on both the 

v in tage  of the equipment, and the type of s t e e l  manufactured. Nominal e l e c t r i c -  

i t y  consumption, along with. a l l  o ther  i npu t s ,  i s  as given i n  ~ e f e r e n c e  V,  p. 72; - 
, _  t h i s  'consumption r a t e  of '  525 kWh/ ton is achieved when. pre-1945 v i n t a g e  e l e c t r i c  

a r c s  a r e  producing carbon s teel . .  , When s t e e l  a l l oys  and s t a i n l e s s  s t e e l  a r e  pro- 

2  
duced, e l e c t r i c i t y  consumption per ton increases  t o  740 kWh/ ton when produced 

on the same vintage furnaces.  For the more recent  furnaces,  e l e c t r i c i t y  con- 

sumption i s  assumed to be 10% lower than t h a t  ob ta inable  i n  the ea r ly  l e s s  e f f i -  

c i e n t  furnaces.  

A l l  .of t h i s  data  and sources a re  summarized i n  Table 13. 

Since e l e c t r i c  a r c s  a re  used i n  mini-mills,  the capaci ty ava i l ab l e  i n  

1975 -. 'approximately 28 mi l l i on  tons - must be a l loca t ed  between the in t eg ra t ed  : 

2 
Ref. VII, p. 451 
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mi l l s  and the mini-mills. The only reference ava i l ab l e  as to  mini-mill e l e c t r i c  

a r c  capacity'  i s  found i n  Reference X, p. 3-7 and 1-2, where a capaci ty of $24 

mi l l ion  tons i s  in fer red .  Thus, the model assumes only 4 mil l ion  tons of elec- 

t r i c  a rc  capaci ty a r e  ava i lab le  a t  the in t eg ra t ed  m i l l s ;  an a r b i t r a r y  d i v i s i o n  

of 1.8 mi l l i on  tons of pre-1945 v in tage ,  2 mi l l i on  post-1945, and . 2  m i l l i o n  

post-1945 with hoods is assumed. 

I. Casting, Forming, and F ina l  Finishing 

During the sceel-making process,  the various a l loys  a r e  added t o  t he  

s t e e l :  consequently, the model now must d i s t i ngu i sh  between three  types of 

s t e e l  - carbon, a l l oy ;  and s t a i n l e s s .  While a l l  s t e e l . f u r n a c e s  can manufacture 

carbon s t e e l ,  i t  i s  assumed t h a t  only e l e c t r i c  a r c  furnaces can produce - -:, 
s t a i n l e s s  s t e e l ,  while only the BOF's and e l e c t r i c  a rcs  can produce a l loys .  
-a .. - -....... - -. ---I. - . - 

 his does some violance t o  r e a l i t y ,  s ince  O.H.'s did produce about 117 of the 

t o t a l  a l l o y  production i n  1976.1' F i r s t  the t r e a m e n t  of carbon'~.s teel  produc- 

t i on  i s  descr ibed,  then the cha rac t e r i za t ion  of a l l oy  'and s t a i n l e s s  production. 

( i )  Carbon S tee l  

After  the hot metal leaves the steelmaking furnaces,  two major 

processes remain - cas t ing  and forming, and f i n a l  f in i sh ing .  

Two options a r e  ava i l ab l e  f o r  the ca s t ing  and forming s t age  i n  the 

in tegra ted  m i l l  model:' 

( a )  continuous cas t ing ,  where the hot  metal from the s t e e l  fur- 

.naces is c a s t  d i r e c t l y  i n t o  b i l l e t s  (CCCBI) or s l abs  (CCCSL) . 

(bloom continuous cas t ing  i s  not now ava i l ab l e  as  an opt ion)  

'AISI 1976 Report, p. 53 
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without  l o s s  of the  sensabl 'e  h e a t .  Current  c a p a c i t y  was 1 4  ,, ,. 

/ .,' 47 &b 1 i k b -  m i l l i o n  tons i n  1972. G-, 5 .*f2<. 
"-p- ;;I 45 

I : p  ZT-(+-- 
(b )  i n g o t  c a s t i n g ,  (INGC), where t h e  h o t  metal  i s  allowed t o  

cool ,  and then r e h e a t e d  i n  soaking p i t s  ( u s u a l l y  wi thou t  

r e c u p e r a t o r  (SPC) u s i n g  o f f  gases  generated i n  p r i o r  s t a g e s  

of product ion before  b reak ing  i n t o  b i l l e t s ,  blooms, and s l a b s  

s u i t a b l e  for f i n a l  f i n i s h i n g .  Current  c a p a c i t y  i s  185 , 

m i l l i o n  tons .  
3  

Not a l l  s t e e l  c a n . u t i l i z e  t h e  cont inuous  c a s t i n g  c y c l e  ( i n  p a r t i c -  

5 u l a r ,  r i m e d  low carbon s t e e l s ) .  c u r r e n t  use  r e p r e s e n t s  on ly  7 %  (1974) of 

domes t i c  product ion,  even though cont inuous  c a s t i n g  c a p a c i t y  i s  much l a r g e r .  It 

has.  been s a i d  t h a t  t h e  technology e x i s t s  now t o  cont inuously ,cas t  50% of s t e e l  
i--.---. -.- &_./'. 

outpu t  (Reference XVI, p. VII-2). . Nonetheless ,  f o r  t h e  time per iods  involved i n  

t h e  model, i t  is reasonable  t o  assume t h a t  t h e  technology w i l l  be developed t o  
\ 
J 

al low continuous c a s t i n g  of a l l  forms of s t e e l  w i t h i n  t h e  model ' s  planning. hor i -  
. .  . -  . 

zon. Costs of new c a p a c i t y . a r e  65 and 47 d o l l a r s  a  ton y e a r l y  c a p a c i t y  f o r  

6 b i l l e t s / b l o o m s  and s l a b s  r e s p e c t i v e l y .  /,? ,? 
/' .y 

1 
Ref. XV, p. A-5 

2 
Ref. X, p. 4-17 

3 ~ e f .  I ,  p. IX-3 

4 
Ref. X, p. 5-35,36 

5 
Ref. XV, p. A-24 

6 .  
Ref. XX, e x h i b i t  6  



Table 14 g ives  the  i n p u t  c o e f f i c i e n t s  f o r  the  o p e r a t i n g  and caps- 
. i c i t y  expansion a c t i v i t i e s  of the  two a1  t e r n a t i v e  c a s t i n g  and. forming p rocesses  ; 

sources  f o r  t h e  d a t a  a r e  given i n  the  f o o t n o t e s .  

Semi-f in ishing (primary hot  r o l l i n g )  is  requ i red  f o r  t h a t  p o r t i o n  

of the  s t e e l  product ion which i s  ingo t  c a s t  and placed i n  t h e  soaking p i t s ;  t h e  

s t e e l  which is  cont inuously  c a s t  avoids  t h i s  s t e p .  Table 15 g i v e s  t h e  c o e f f i -  

c i e n t s  a s s o c i a t e d  wi th  t h i s  semi-f in ishing s t e p  f o r  s l a b s  (SFCSL) , b i l l e t s  

( SFCBI 1, and b l  o m s  ( SFCBL) . 
C a p a c i t i e s  of t h e  semi-f in ishing processes  a r e  31, 80, and 44 

m i l l i o n  cons r e s p e c t i v e l y  f o r  b i l l e t s ,  s l a b s ,  and blooms. ' Costs  of new y e a r l y  

c a p a c i t y  a r e  48, 103, and 47 d o l l a r s  a  ton. 
2 

The f i n a l  f i n i s h i n g  of s t e e l  is accomplished i n  two s t e p s  i n  t h e  

model; t h e  r e h e a t  s t e p ,  where t h e  blooms, s l a b s ,  and b i l l e t s .  a r e  r a i s e d  by - 
. burning n a t u r a l  gas o r  o i l  t o  1500 K so they can be f u r t h e r  r o l l e d  o r  m i l l e d  

i n t o  f i n i s h e d  products ,  and t h e  f i n a l  f i n i s h i n g  of the  s t e e l , !  where blooms a r e  

r o l l e d  and m i l l e d  i n t o  heavy s t r u c t u r a l  forms, r a i l s ,  and p i l i n g s ,  s l a b s  a r e  

r o l l e d  and m i l l e d  i n t o  p l a t e s ,  s h e e t s ,  s t r i p s ,  and welded pipes and tubes ,  and 

b i l l e t s  a r e  r o l l e d  and m i l l e d  i n t o  seamless p ipes  and tubes ,  wi res ,  b a r s ,  and 

l i g h t  s t r u c t u r a l  shapes.  

Twn npti.,nn.s a re  avai.l.ab1 e  f n r  the  r e h e a t i n g  .step: 

( a )  pusher- type r e h e a t  furnaces  (PTcBI, PTCBL, PTCSL) equipped 

wi th  recupera toas  t o  p rehea t  t h e  a i r  t o  1000°F. 

f t e f .  XX, vol .  2, e x h i b i t  6 



+ = = = = =  ========== 
- - -.---... -. +---TH I S-T A B ~ E S V C R E S - E ~ T A - ~ O R - - -  CAST-I+ -- 

> 1hGC 
- -- - --- --- C-A P-,re-+F- - , .n  

L M -  i f  Q- 
4 5 0 +  CARBON HOT P E T A L  TO' IS  CARBY 1 e O O O C  

-- T > 
- - - lNGaf-€-hST-I k G ---- - ----T O"-~-pdM 'F oZ&: 

SFC 

C O K E  OVEh OFFGAS ~6 B T U  COG O t o O O O  
--HORrSCRA P T e S  A c p  . - - UI*. 

RESIDUAL C I L  E 6  B T U  - --- ---- ---- ---Bi ST-I-tL-A-T E - C I t-/ GA S-- E b B i U  

------ -. 
SP 1 TC 
F l  P 
LLL  

-- 
4 7 O r  --- -- .. * -2- 

O X Y  --. C I L. 
J I 

--- - - --- ------ -- 
L A e X  , o c  - 1+1 

I . --- 
%B?- 

T - CcCf-f-------- 
CARBON HOT R E T A L  T o k S  CARBN 'Z 1 , 3 4 0 C  

TI r - , .- --. ---- ft E~T-wH-f-~-,-- -------63--KW.C: L b -  - u A -  r 4 ~ n  

To:ds HSC 0 8 0 4 0 C  
---. - - ----- D.I-S-T-I-L ZAP +&G-IL/-WS- E @ W T  n r r  W P  

4 8 0 *  O X Y G E N  E3  CU FT O X Y  z 0 ~ 5 t O C  
- .-- k4 B€?CF----------- H ~ - b + t R - O - r % 0  A 

O P E R ~  + M A I h T ,  16 OAK= 2 , 4 7 0 C  --- .-.-. . . - ?e .~Um !-kt:--- E@' rn v ~ - . - - - 
t -->-- - C C C E L  

-- ----- -- -- GAR--- T nqc A.+4On 
510* HOME SC9AP TdhlS - 0 . 0 4 o c  ---- E6-ST5 

.- - -----D 1. ST--& t-t;e-'FE-G t kK- A-+- m Q,, 
> \r 1 " b 

E L E C T R I C I T Y  € 3  K W H  ELE 0  1 OZ5C 
-- --------- OX Y-Gc:: ------ E 3 - 4 U - 7 X - Y  7, ,-2.5 oc---- 

L A B O R  MA:\I-HRS L A B  X 0 , 9 S O C  * 

- -  - ---- --- -QP€Rb-+PA I AT ,--------- $-0 bP+-2 2 4  I= 
RESIDUAL O I L  E6 B T U  FRP O * C l O C  

- .------- '&CC - 



_ _ ____ -  - -- - - - - - - - - - - - - - 
T K C  

-- 

1 2 5 0 *  T A B L E  CHARSF T w  I*- 
- 3-- - - .  ---t----->------ ---I 

+ T H I S  T A B L E  S T O R E S  DATA F O R  S E M I - F I N I S H I K G  - 
' - -  .---- - - -. 

C A P A C I T Y  C A P  3 1 0 5 0 t 0 0 0 0  
- f w ~ m : , i  COSF( N E ~ - ) - -  7 ;  n 

u 

S O A K I N G  P I T ( C A R E 0 N )  T o h S  S P I F  - s-z ~ f ) ~ r s ~ ~  -------- - T. 

E L E c T R I C f T Y  E3 KWH ELE 0 , 0 2 0 0  
-..__ - - . - -  ;A eo~--- -. ...--- -.-- - M A+HR,S----------~AB -W-. 

1 2 6 O r  o P E R ,  + M A I K T ,  S O A H  4 , 3 g O C  - 
. - _ - _ _  __.___-_-- -Xu 

7 

C A P A C I T Y  C A P  8 0 1 5 O t O o O O  
P t&+!HThl A 7 - ---I-N-V+SFWW- C 0 ( N E \I(-) 

S O A K I N G  P I T G A R E O N )  T O % S  S P I T C  i t i k O C  
-..- - H O H p S C i + *  -am-. T-Q+S ! 

E L E C T R I C I T Y  E3 KWH EL€ o ,  o a e o  
nLL;lr=HRS--------w 7 1  0[1C - - - -- A B M  ---- ---- --- 8 

OPER,  + H A I h T ,  S . OAH 3 , 4 S O G L  t v 'I 

-- - -+ - 
1270* C A P A C I ~ Y  C A P  4 4 z e o , o o a 0  

- ---- +w ; c osri-~b~t)------%-~ - 
S O A G I  T  ( CAfiPoN 1 T O ~ ~ S  SP 1  T C  1 t l t O C  - II  

n 0- -T-mS-----------ttS c 
E L E C T R I C I T Y  €3 KWH ELE ;: zi 

- t - k B @ ? - -  W & + - W ~ t k ~  
o P E R ,  + M A I K T ,  $ OAM 

_ _ _ - - - - -  - - 



(b 1' mono-beam furnaces  (MBcBI, MBCSL, MBCBL) , s t i l l  under devel- 

: .  
opment, which can reduce f u e l  consumption by- 1 0  t o  15%. 

. . Table  16 g ives  the  d a t a  f o r  the  op t ions ; .  f o o t n o t e s  aga in  g ive  t h e  

d a t a  sources .  

.Current c a p a c i t i e s  (pusher  p lus  walking beam) a r c  assumed t o  be 

1 
105, 50, and 45 m i l l i o n  tons y e a r l y  capac i ty .  There a r e  no p roduc t ion  f a c i l i -  

t i e s  i n  o p e r a t i o n  which u t i l i z e  t h e  mono-beam reheat. fu rnace .  

Capaci ty  expansion c o s t s  i n  1976 f o r  t h e  pusher type fu rnace  a r e  

2  
$9.42 per  ton and $7.27 per ton f o r  the monobeam. R e t r o f i t  c o s t s  a r e  substan- 

t i a l l y  lower.  
3  ' 

The f i n a l  f i n i s h i n g  of s t e e l  i s  d i s t i n g u i s h e d  by high s c r a p  l o s s e s  

f o r  blooms, b i l l e t s  and s l a b s .  Table 17  g ives  t h e  d a t a  and sources :  u n l e s s  

o therwise  noted,  a l l  d a t a  a r e  taken from Reference XX, e x h i b i t  &A. 

Addi t iona l  ' capac i ty  is a v a i l a b l e  a t  c o s t s  of $332, 194, and 127 

d o l l a r s  a  ton f o r  blooms, s l a b s ,  and b i l l e t s ,  r e s p e c t i v e l y .  
4  

Some 30 m i l l i o n  tons a  year  ($50% of s l a b  p roduc t ion)  of s t e e l  

products  a r e  annealed,  t h e  v a s t  m a j o r i t y  co ld  r o l l e d  s l a b  p roduc t s .  When sUch 

16 To 
products  a r e  annealed,  they use about 1 . 5  M106 BTU per ton of product .  

r e f l e c t  t h i s  use wi thout  f u r t h e r  complicat ing t h e  model wi th  ano ther  s t e p ,  i t  i . s  

1 
Ref. X V I ,  p. IX-3 

3 ~ e f .  XVI, p. IX-7 

4 ~ e f .  XX, e x h i b i t  6  

5 ~ e f , .  X V I ,  p. IX-22 

' 6 ~ e f .  XVI ,  p. IX-22 
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6 
assumed that all slabs are annealed at .75 x 10 BTU/ton, rather than assuming - 

6 
50% of the slabs are annealed at 1: 5 x 10 BTUlton. 

(ii). Alloy and Stainless Steel 

The model allows ' stainless and alloy s tee1 billets to be continu- 

ously cast or to use the ingot/soaking pit cycle. The flows- follow identical 

paths as in the case of carbon steel: hence, only a single table is presented 

which includes the ingotlsoaking pit contintiquous casting, reheating, and final 

finishing steps. References.are the same as in the case of carbon steels, and 

are not repeated. 



. . . . . . .  . . . .  HSC .- 
F R  H . . . . . . . . . . .  . - . .--- -1s 'e : - - MOG 

-. . ELE : .- . -. - . . .+I j ' .." .. _ 
LA9 . . .  

CAN -,L--L 3.70(- . . 
.... I ' -  

. . . . . . . . . . . . . . . . . . . . . . . .  . . . . . . . .  





111. THE MINI-MILL INDUSTRY MODEL 
- .  . -. . 

Non-integrated mi l l s  or mini-mills u t i l i z e  s t e e l  scrap or  d i r e c t l y  reduced 

ore as a  feedstock mater ia l  .although, i n  the l a t t e r  case,  the s c a r c i t y  of high 

i r o n  content ores has kept d i r e c t l y  reduced ore mini-mills from f lour i sh ing .  

1 
With mini-mills accounting f o r  approximately 17% of U.S. capac i ty ,  the  . r a t i o  of 

mini-mills to i n t e i r a t e d  m i l l s  seems t o  be growing. The reasons f o r  the in- 

crease a r e  mainly due t o  improved technologies, i n  u t i l i z a t i o n ,  prepara t ion ,  and 

smelting of s t e e l  sc rap  along with a  constant ly improving technology f o r  

d i r e c t l y  reduced ore.  A major r e s u l t  of a  s h i f t  from in tegra ted  t o  mini-mills 

i s  t h a t  l a rge  amounts of fue l  may be conserved by processing waste scrap  as 

opposed to  processing i ron  ore.  Spec i f i ca l ly ,  about hal-£ the fue l  i s  required 

t o  produce a  ton of s t e e l  from s t e e l  sc rap  than from i r o n  ores .  

The model allows two types of s t e e l  - carbon and a l loy  - t o  be produced a t  

mini-mills; only one product type - b i l l e t s  - i s  produced. The f i r s t - p h a s e  of 

mini -mi l l  steel-making - the e l e c t r i c  a r c  furnace - has two opti.ons: ( a )  a 100% 

scrap  charge, whose c h a r a c t e r i s t i c s  a r e  i d e n t i c a l  to  those found i n  the  average 

a rc s  i n  in tegra ted  m i l l s ;  (b) a  charge of 30% d i r e c t l y  reduced i r o n  ore  and 70% 

scrap.  The d i r e c t  reduction of ore  f o r  the mini-mill ( t h e  SL/RN process)  plus 

the 2 charge options f o r  the e l e c t r i c  a rc  a r e  given i n  Table 20. 

Next, the  model allows the carbon or a l l o y  hot metal t o  be e i t h e r  continu- 

ously c a s t ,  o r  t o - b e  c a s t  i n t o  ingots ,  put  i n  a  soaking- p i t ,  and semi-finished. 

The ingot/soaking p i t b e m i - f i n i s h  a l t e r n a t i v e  i s  as  i n  Table 21. 

1 
Ref. X, p. 1-2 

%stimate based on Fe content equivalent  
. . . .  
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Data sources  a r e  i d e n t i c a l  'to those  desc r ibed  i n  the  i n t e g r a t e d  s e c t i o n .  , . 
i ' .  . . . . 

The continuous c a s t i n g  op t ion '  i s  a s  i n  Table 22. Again, r e f e r e n c e s  a r e  de- 

s c r i b e d  i n  t h e  i n t e g r a t e d  s e c t i o n .  

Next, t h e  mini-mill  can e i t h e r  pass the  semi- f i n i s h e d  s t e e l  through pusher 

type o r  mono-beam r e h e a t  furnaces  i n  p r e p a r a t i o n  f o r  f i n a l  f i n i s h i n g ,  as de- 

s c r i b e d  i n  Table  23, and then through f i n a l  f i n i s h i n g  i n  Table  24. 

A s  was mentioned i n  t h e  i n t e g r a t e d  m i l l  write-up, t h e  i n i t i a l  c a p a c i t y  of 

t h e  mini-mil ls  is hard t o  determine.  Reference X, p. 1-2, impl ies  t h a t  mini- 

m i l l  e l e c t r i c  a r c  c a p a c i t y  '%s about 24 m i l l i o n  t o n s ,  t h e  number -used i n  t h i s  

s tudy;  s i n c e  t h i s  is  on ly  an e s t i m a t e ,  it should be used c a u t i o u s l y .  Mini-mill 

d i r e c t  r educ t ion  c a p a c i t y  i s  es t imated  a t  2  m i l l i o n  t o n s ,  and t h e  remaining ca- 

p a c i t i e s  a r e  s e t '  t o  s a t i s f y  t h e  ou tpu t  of t h e  e l e c t r i c  a r c  furnaces .  New capa- 

c i t y  f o r  the  mini-mill  can be ob ta ined  a t  c o s t s  i d e n t i c a l  t o  those  f o r  t h e  

i n t e g r a t e d  m i l l s .  
I 
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j . ._ 
I V .  ELECTRICITY AND STEAM GENERATION 

The model provides 1 5  steam and e l e c t r i c i t y  co-generation bp t i o n s  : e lec -  

t r i c i t y  and steam a r e  prov'ided by us ing a s  f u e l s ;  

( a )  coa l  a s s i s t e d  b l a s t  furnace gas (CCBFG) 

( b )  c o a l  a s s i s t e d  coke oven 'gas (CCCOG) 

( c )  o i l / g a s  a s s i s t e d  b l a s t  fu rnace  gas (OOBFG) 

( d l  o i l / g a s  a s s i s t e d  cake. oven gas (OOCOG.) 

( e l  b l a s t  fu rnace  and coke oven gas (OWBFG) 

( f )  c o a l  a s s i s t e d  b l a s t  fu rnace  gas i n  new b o i l e r s  (NCBFG) 

( g )  coal  a s s i s t e d  coke oven gas i n  new b .o i l e r s  (NCCOG) 

(h) o i l / g a s  a s s i s t e d  b l a s t  furnace gas i n  new b o i l e r s  (NOBFG) 

( i )  o i l / g a s  a s s i s t e d  coke oven gas i n  new b o i l e r s  (NOCOG) 

( j )  b l a s t  fu rnace  and coke oven gas i n  new b o i l e r s  (NWBFG) 

-. . ( k )  gas t u r b i n e  us ing  d i s t i l l a t e  o r  gas (GTO) 

(1 )  gas t u r b i n e  us ing coke oven gas (GTW) 

(m) mini-mill  steam product ion from gas t u r b i n e  (MGT) 
mini-mil lopt ions  

(n )  mini-mill  steam product ion from o i l  f i r e d  b o i l e r  (MBLO) 

( 0 )  mini-mill  steam product ion from c o a l  f i r e d  b o i l e r  (MBLC) 

The i n p u t  requirements  f o r  each a r e  given i n  Table  25, a long wi th  t h e  

sources  used t o  c o n s t r u c t  t h e  o p t i o n s . .  
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. V. ECONOMIC ASSUMPTIONS 
/.' 

A. ' Cost-  of M a t e r i a l s  - Non-Energy 

Table 26 l i s t s  t h e  c o s t s  of non-energy m a t e r i a l s  purchased f o r  t h e  

f i r s t  per iod (1975) of t h e  model. Sources of t h e  p r i c e s  a r e  given i n  t h e  

f o o t n o t e s .  

( i )  L imi t s  on M a t e r i a l  A v a i l a b i l i t y  

A n  upper l i m i t  of 570 x 1 0  BTU's per year  (1975 a c t u a l  purchases)  

of n a t u r a l  gas is  assumed t o  r e f l e c t  t h e  i n c r e a s i n g  s c a r c i t y  of t h i s  f u e l  t o  t h e  

i n d u s t r y .  

B. Cost of M a t e r i a l s  - Energy 

Table 27 g ives  t h e  assumptions r e l a t i n g  t o  energy p r i c e s  over the  5 

pe r iods  (25 years  . i n  t o t a l )  now i n  t h e  model. They a r e  taken from base  c a s e  

1 
p r o j e c t i o n s  made by DOE based on 1975 a c t u a l  p r i c e s .  They assume energy p r i c e s  

approximately double ( r e l a t i v e  t o  o t h e r .  p r i c e s )  by 1995. 

C. I n i t i a l  Capaci ty  

Even though t h e  assumptions and sources  corresponding t o  the  i n i t i a l  

c a p a c i t i e s  have been d i scussed  i n  previous  s e c t i o n s  of the  r e p o r t ,  they a r e  sum- 

marized again  i n  Table 28. Sources a r e  found i n  t h e  i n d i v i d u a l  s e c t i o n s .  

D. Capaci ty  Expans i o n  Costs 

Table  29 summarizes t h e  c o s t s  f o r  expanding each of t h e  a c t i v i t i e s  rep- 
. . 

r e s e n t e d  i n  t h e  model f o r  both new and r e t r o f i t .  

'source: 1975. ' Census .of Manufacturers - SIC 331 2 
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E. Demand Data 

Table 30 gives the demand f o r  s t e e l  assumed i n  the model. The i n i t i a l  

per iod ' s  demand i s  1975 ac tua l  demand f o r  f in i shed  s t e e l  products taken with 

minor adjustments from Reference 111. 

A 1.5% yearly r a t e  of, growth was assumed i n  the base case to  d r ive  the 

model ; the mix of s t e e l  products was assumed to remain constant  over t he  

planning horizon. 

F. The Scrap Supply Curve 

One important considerat ion i n  the model i s  p r i ce  and a v a i l a b i l i t y  of 

sc rap  mater ia l  t o  the steelmaking industry.  Lef t  unconstrained a t  cu r r en t  

pr ices ,  the model would choose t o  purchase more scrap than i s  a c t u a l l y  ava i l -  

able .  ~ a r k e t  s t e e l  scrap i s  composed of obsole te  scrap  and prompt scrap.  Obso- 

l e t e  scrap i s  generated from discarded s teel-bearing ma te r i a l  and i t s  ava i l ab i l -  

i t y  i s  pr imari ly  dependent on past  s t e e l  production. On the o ther  hand, the  

source of prompt scrap is s t e e l  f a b r i c a t i o n  losses  and i t s  supply i s  pr imar i ly  

determined by the  amount of cur ren t  s t e e l  production. 

The repor t  "Purchased Ferrous Scrap: United S t a t e s  Demand and Supply 

Outlook" by W. T. Hogan and F. T. Koeble ( ~ e f e r e n c e  XXIII) describes the present  

and projected supply of purchased scrap by the U.S. S t ee l  industry.  Using t h i s  

reference,  as well as  severa l  conversations with one of the authors ,  a 

pred ic t ive  equation f o r  pr ice- insens i t ive  purchased scrap was developed: 

Tons of s t e e l  indus t ry  purchased s c r a p ( t )  = 9658(1,053) t-1975 + . 0 6 6 7 ~ ( t )  

where 

t = year 

~ ( t )  = tons of demand fo r  s t e e l  products i n . y e a r  t. 



A B  I e 4 3 6 ,  
.... ...... . -,...: ---.- -- ---̂ 6-t-w 5 , 

CSL 4 5 8 0 4 ,  , 

-.--- e% r 
+ > 

--_.-- 

2 3 4 0 +  A01 9 4 0 5 , 0 0 0 0  - - -- 6 ° C  
CSL 51005~00ao 
en. n ---- -- -- --- C . - - -- - - b D  L &mu 

+ > 3 
-..- -- -9ad-W: 

A B  I ~ o 3 7 4 . 0 0 0 ~  
a -- - --"& 

CSL 
3 . r ~  n n n o  -- GE : 

2350. + > 4 
- 5"'- 

A01 1 1 3 4 3 , 0 0 0 0  
'x -- b 

f CSL 
-e : 

+ > 5 
S P  
A B I  
eet 

. .  2360r csl. 6 6 4 ~ 7 , 0 0 0 0  . ---- - c--- 



Because t h e  prompt s c r a p '  component of the  ' r e l a t i o n  depends on c u r r e n t  s  t e e 1  pro- 

duc t ion ,  t h e  purchased s c r a p  supply i s  a  f u n c t i o n  of s t e e l  demand. I n  g e n e r a l ,  

s c e n a r i o s  a r e  .energy p r i c e  and s t e e l  demand dr iven.  Therefore ,  the  pr ice-  

i n s e n s i t i v e  purchased s c r a p  is a 1  so s cenario-dependent and t h e  above e q u a t i o n  

should be used t o  main ta in  cons i s tency .  

A s c r a p  supply curve can be generated by combining t h e  pr ice-  

i n s e n s i t i v e  r e l a t i o n  above wi th  t h e  r e p o r t e d  supply p r i c e  e l a s t i c i t y .  To accom- 

' p l i s h  t h i s ,  we make t h e  fo l lowing  as.sumptions: 

1. The supply equa t ion  given above i s  t h e  a v a i l a b i l i t y  a t  t h e  c u r r e n t  

r e a l  p r i c e  of sc rap .  

2. The long-term p r i c e  e l a s t i c i t y  of s c r a p  supply i s  1 .12 from R.C. 

Anders'on and R.D. Spiegelman, "Tas P o l i c y  and Secondary M a t e r i a l  

Use," J o u r n a l  of ~ n v i r o n m e n t a l  Economics and Management, 4 ,  p. 68- 

3. The ul . t imate  s c r a p  l i m i t  i s  60%. above t h e  Hogan r e l a t i o n .  

4 .  A step-wise l i n e a r  supply  curve us ing  t h e  p o i n t  e l a s t i c i t y  of 1 .12 

i s  an adequate r e p r e s e n t a t i o n  of the  s c r a p  supply curve.  

Four supply "bins" a r e  used i n  t h e  model t o  d e s c r i b e  t h e  s c r a p  supply 

curve.  The f i r s t  al lows the  p r ice - incen t ive  supply a v a i l a b i l i t y  from Hogan t o  

be purchased a t  t h e  1975 r e a l  c o s t  of sc rap .  . The o t h e r  t h r e e  b i n s  i n c r e a s e  sup- 

p l y  a v a i l a b i l i t y  by 20% f o r  an 18% i n c r e a s e  i n  p r i c e .   he 1.12 e l a s t i c i t y  re- 

s u l t s  i n  a  ,20% i n c r e a s e  i n  supply f o r  an -18% p r i c e  i n c r e a s e . )  
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