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SUMMARY 

The i r o n  and s t e e l  i n d u s t r y  p rocess  model d e p i c t s  expected energy 
consumption c h a r a c t e r i s  t i c s  of t h e  i r o n  and s t e e l  i n d u s t r y  and a n c i l l a r y  
i n d u s t r i e s  f o r  t h e  n e x t  25 y e a r s  by means of a p r o c e s s  model of t h e  major 
s t e p s  i n  s t ee lmaking ,  from o r e  mining and s c r a p  r e c y c l i n g  t o  t h e  f i n a l  
f i n i s h i n g  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  p roduc t s  such a s  
s t r u c t u r a l  s t e e l ,  s l a b s ,  p l a t e s ,  tubes ,  and bars .  Two p l a n t  types  a r e  
modeled: f u l l y  i n t e g r a t e d  m i l l s  and mini-mil ls .  

User-determined i n p u t s  i n t o  t h e  model a r e  as f o l l o w s :  

a. P r o j e c t e d  energy and m a t e r i a l s  p r i c e s .  
b. P r o j e c t e d  c o s t s  of c a p a c i t y  expansion and replacement.  
c. Energy conserv ing  o p t i o n s ,  both  o p e r a t i n g  modes 

and investments .  
d. The i n t e r n a l  r a t e  of r e t u r n  r e q u i r e d  on investment .  
e. P r o j e c t e d  demand f o r  f i n i s h e d  s t e e l .  

Nominal i n p u t  c h o i c e s  i n  t h e  model f o r  t h e  i n p u t s  l i s t e d  above a r e  a s  
f o l l o w s  : 

a. Na t iona l  Academy of Science Committee' on Nuclear and A l t e r n a t i v e  
Energy Systems Demand Panel  nominal energy p r i c e  p r o j e c t i o n s ,  f o r  o i l ,  

. g a s ,  d i s t i l l a t e s ,  r e s i d u a l s ,  and e l e c t r i c i t y  and 1975 a c t u a l  p r i c e s  
f o r  m a t e r i a l s .  

b. Ac tua l  1975 c o s t s .  
c. See Table  1; new t e c h n o l o g i e s  can be added. 
d. 15% a f t e r  t axes .  
e. 1975 a c t u a l  demand w i t h  1 .5%/yr  growth. 

The model reproduces  t h e  base-year (1975) a c t u a l  performance of t h e  
i n d u s t r y ;  t h e n  g iven  t h e  above nominal i n p u t  c h o i c e s ,  it p r o j e c t s  modes of 
o p e r a t i o n  and c a p a c i t y  expansion t h a t  minimize t h e  c o s t  of meeting t h e  g i v e n  
f i n a l  demands f o r  each of 5 y e a r s ,  each year  being t h e  midpoint  of a 5-year 
i n t e r v a l .  The ou tpu t  of t h e  model i n c l u d e s  t h e  f o l l o w i n g :  

a. T o t a l  energy use and i n t e n s i t y  ( B t u l t o n )  by type ,  by 
p r o c e s s ,  and by t ime per iod.  

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 .  
d. C a p i t a l  investment  d e c i s i o n s  f o r  c a p a c i t y  expansion.  



Table 1 

Energy Conservation Options 

I. Raw Mate r i a l  Purchasing,  Mining, and Mine-Mouth Processing 
a .  Increased dependence on imported p e l l e t s  and concent ra tes  
b. Increased  use of r ecyc l e ,  prompt, and obsole te  sc rap  

11. Raw Mate r i a l  Process ing  a t  t h e  P l an t  
*a. D r y  coking s u b s t i t u t e d  f o r  convent ional  wet quenching*" 

111. I r o n  Product ion 
a. S u b s t i t u t i o ~ i  UT coke f o r  hydrocarbons a s  n Btu source 
L. S u b s c i ~ u ~ i ~ n  6f powdered c o a l  f o r  coke a s  a Btu source 
c .  Operat ion of b l a s t  fu rnaces  a t  higher  temperature t o  improve 

conbuotion o f f  i c i c n e y  (rsq~i1.1:as rt?ll~~lug .and rebr ick ing  j 
*d. I n s t a l l a t i o n  of b e l l - l e s s  tops 
*e. Cons t ruc t ion  of new b l a s t  fu rnaces  capable of higher  top p r e s su re s  

f .  Increased burden q u a l i t y  by s h i f t  t o  high p e l l e t  charges 
*g. Const ruc t ion  of Jordan b l a s t  fu rnace  - a coa l  g a s i f l e r  with 

by-product iron** 
I V .  S t c c l  P r o d u c t i o i ~  

*a. Higher s c r ap  charges f o r  BOFs by i n s t a l l a t i o n  of sc rap  preheaters*" 
*b. Increased  use of off-gases  from o t h e r  processes  a s  a Btu source 
*c. S u b s t i t u t i o n  of BOF furnaces  f o r  the l e s s  e f f i c i e n t  open-hearth 

furnaces  
*d. Conversion of open-hearth furnaces  t o  Q-BOP 
*e. lncreased  use of oxygen i n j e c t i o n  
*f. I n s t a l l a t i o n  of hoods t o  c o l l e c t  s teelmaking off-gases on BOFs, 

Q-BOPS, and e l e c t r i c - a r c  furnaces  
V .  Cas t ing  and Forming 

*a. Use of cont inuous c a s t i n g  of slabs** and b i l l e t s  
V I .  F in i sh ing  M i l l s  

a .  Monobeam rehea t  furnaces** s u b s t i t u t e d  f o r  pusher type 
V I I .  Energy Conversion Processes  

a .  Increased  use of low q u a l i t y  off-gases  by blending with 
f o s s i l  f u e l s  

*h.  Cogeneration of otcam and eler.ti-1,: Lty 
*c. Use of coa l  off-gas b o i l e r s  
*dB  IJse of gas tui l r lues  f o r  cogenera t ion  

"Qual i f ies  f o r  investment t a x  c r e d i t .  
**Requires expendi tures  f o r  R & D be fo re  use. 



A. Overview of the  Model 

The model is a  dynamic a c t i v i t y  a n a l y s i s  model of two types of m i l l s  i n  

the  domestic i r o n  and s t e e l  indus t ry* ,  i n t e g r a t e d  and min i -mi l l s .  The a c t i v -  

i t i e s  of such mills a r e  i nd i ca t ed  i n  Figures  1  and 2. In order  to  incorpora te  

most of the  energy used by the  i n d u s t r y ,  i n d i r e c t  a s  w e l l  a s  d i r e c t ,  the  in -  

d u s t r y  model inc ludes  e x t r a c t i o n  and t r a n s p o r t a t i o n  of the majnr raw materi- 
0 

a l s :  i r o n  ore  mining, concen t r a t i ng ,  and t r a n s p o r t a t i o n ;  coa l  mining and 

t r a n s p o r t a t i o n ;  and sc rap  "mining" and t r anspo r t a t i on .  The two types of mills 

represen ted  i n  the  model a r e  ( a )  f u l l y  i n t e g r a t e d  p l a n t s  which have the  capac- 

i t y  t o  h e n e f i c i a t e  i r o n  o r e ,  produce coke, convert  i r on  ore  t o  i ron  i n  b l a s t  

fu rnaces ,  convert  i r o n  t o  s t e e l  by any of four  types of s t e e l  furnaces ,  semi- 

f i n i s h ,  and f i n a l l y  f i n i s h  steel; and (b)  "mini-mills" which convert  s c r ap  t o  

steel i n  e l e c t r i c - a r c  s t e e l  furnaces .  

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

s t e e l  i s  f a b r i c a t e d  inco t h r e e  c l a s s e s  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 the r  bloom-based products ;  ( b )  p l a t e s ,  forms, and o the r  

s l a b  products ;  and ( c )  tubes ,  ba r s ,  and o the r  b i l l e t  products.  Min i -mi l l s  

produce a  more l i m i t e d  range of products ,  confined t o  s t r u c t u r a l  bars  and 

l i g h t  forms, and compete with t he  i n t e g r a t e d  m i l l s  f o r  t h i s  p a r t i c u l a r  demand. 

It is assumed t h a t  s p e c i a l t y  s t e e l s  a r e  made only i n  b i l l e t s  and 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  c o n t r o l  reasons ,  even though minor 

amounts of these  steels a r e  known t o  be made i n  o the r  furnaces  and i n  o the r  

forms, 

C a p i t a l  s tocks  a r e  vintaged 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  

wi th  more modern a n c i l l a r y  energy conserva t ion  equipment. They a r e  cha rac t e r -  

i zed  by s i z e  and age, which a r e  r e f l e c t e d  i n  h igher  opera t ing  and maintenance 

c o s t s  f o r  o l d e r ,  smal le r - sca le  equipment. The number of v in tages  and the num- 

ber  of ope ra t i ng  technology, op t ions  a r e  l i s t e d  below each process i n  Figures  1 

and 2. 

*This is hard ly  a  novel i dea :  t he  f i r s t  model descr ibed  i n  the ope ra t i ons  

r e s e a r c h  l i t e r a t u r e  was Tibor Fabian 's  e f f o r t 1  20 y e a r s  ago! 
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The demand f o r  domest ic  s t e e l  and the  supp ly  of b o t h  s c r a p  and domest ic  

i r o n  o r e  a r e  p r i c e  s e n s i t i v e  i n  t h e  model, i n  that domest ic  s t e e l  competes f o r  

domest ic  demand w i t h  i m p o r t s ,  whi le  domest ic  o r e  competes w i t h  o r e  impor t s  f o r  

t h e  domest ic  o r e  demand. The e x h a u s t i b l e  n a t u r e  of domest ic  o r e  i s  r e f l e c t e d  

by c o n s t r a i n t s  on t h e  a v a i l a b i l i i y  over  t h e  25-year h o r i z o n  of t h r e e  " o r e  bod- 

i e s "  each w i t h  t h e i r  own e x t r a c t i o n  c o s t s .  The p r i c e  s e n s i t i v i t y  of . the s c r a p  

supp ly  i s  based on a  r e c e n t  econometr ic  s tudy.  2 

The model i s  a  " t e c h n o c r a t i c "  model of t h e  i r o n  and s t e e l  i n d u s t r y  i n  

t h a t  the  i n d u s t r y  i s  assumed t o  a c t  c o l l e c t i v e l y  so a s  t o  minimize t h e  c o s t  of 

f u l f i l l i n g  a  g iven  s e t  of demands. Thus, i t  a c t s  a s  i f  it were a  c a r t e l  o r  

monopoly, a s s i g n i n g  u n i t s  of o u t p u t  t o  the  l e a s t - c o s t  a v a i l a b l e  p r o d u c t i o n  

method, wi thou t  regard  f o r  who owns t h e  c a p a c i t y  being u t i l i z e d .  To t h e  ex- 

t e n t  t h a t  t h e  e x i s t i n g  s t e e l  i n d u s t r y  d e p a r t s  from t h i s  mode of o p e r a t i o n ,  t h e  

model d e p a r t s  from a  p o s i t i v e  d e s c r i p t i o n  of i n d u s t r y  behavior  and becomes in- 
. . 

s t e a d  a  normat ive  model. C e r t a i n l y  t h e r e  i s  some d e p a r t u r e  from cost-minimiz- 

i n g  behavior  i n  t h e  i n d u s t r y ;  o t h e r w i s e ,  more of t h e  s m a l l e r ,  l e s s  e f f i c i e n t  

c a p a c i t y  of t h e  marg ina l  producers  would have been r e p l a c e d  by t h e  l a r g e ,  more 

modern u n i t s  of t h e  b e s t - p r a c t i c e  p l a n t s  and f i r m s  i n s t e a d  of l i n g e r i n g  around 

t h e  i n d u s t r y  as i t  is  observed t o  do. None the less ,  market  f o r c e s  do work, 

even i n  an i n d u s t r y  dominated by l a r g e  f i r m s ,  and such m a r g i n a l  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 c o s t "  to  'meet t h e  c o m p e t i t i o n ;  s o o n e r  o r  l a t e r  

they  w i l l  be c l o s e d  down and r e p l a c e d  w i t h  more modern equipment.  

The model has f i v e  p e r i o d s ,  each  r e p r e s e n t i n g  the  middle year  of a  5-year 

i n t e r v a l .  The p lann ing  h o r i z o n  i s  2 5  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  the  i n d u s t r y  d u r i n g  1974-75. 

The o p t i m i z a t i o n  problem i s  g i v e n  t h e  fo l lowing :  (1)  t h e  sequence of 

demands t h a t  must be met by domest ic  p roduc t ion  o r  impor t s ;  ( 2 )  i n i t i a l  capac- 

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  s t o c k ;  ( 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  i n c l u d i n g  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 t h e  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  the  form of r e t a i n e d  e a r n i n g s  and new s t o c k  i s s u e s  t o  f i n a n c e  expansion and 

replacement  of equipment (assumed t o  be a  f u n c t i o n  of t h e  f i n a l  demand growth 

r a t e s  i n  the  model and the  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 ) .  Its s o l u t i o n  g i v e s  t h e  time sequence of p roduc t ion  and 



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  dec i s ions  which minimize the 

p re sen t  va lue  of t h e  c o s t  of c a p i t a l  f o r  the  i ron  and s t e e l  i ndus t ry ,  taken a s  

15% a f t e r  t axes .  

Figure 3 shows t h e  energy flows f o r  t he  e n t i r e  i ndus t ry  i n  1973, 

expressed i n  lo6 Btu per ton of f i n i s h e d  s t e e l  produced.3,4   able 1 ( i n  the 

summary above) g ives  t he  ope ra t i ng  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  enegy 

conse rva t ion  i n  the  i n d u s t r y  o r  reduce the i n d u s t r y ' s  dependence on 

hydrocarbons a s  a  source of energy,  and a l s o  i n d i c a t e s  which need R&D d o l l a r s  

p r i o r  t o  introduct i 'on.  (Some obvious op t ions  a r e  not now i n  the model: form 

coke,  e l e c t r i c  i nduc t ion  hea t ing ,  e x t e r n a l  d e s u l f u r i z a t i o n ,  e t c .  ; they await  

l a t e r  ve r s ions  of t he  model. A 1976 A I S I  r e p o r t 5  con ta in s  an exhaus t ive  l i s t  

af thc paplrlnr nptiana .) 

B. Desc r ip t i on  of the  Methodology 

The h e a r t  of t h e  problem i s  t.0 model t h e  cost-minimizing behavior  of the  

i r o n  and s t e e l  i n d u s t r y  i n  such a  way t h a t  a l l  the  s u b s t t t u t a b i l i t i e s  and 

complementar i t ies  i n  t he  product ion cha in  a r e  e x p l i c i t l y  s p e l l e d  ou t .  The 

methodology used is  a c t i v i t y  a n a l y s i s .  (For  o the r  examples, see  Manne and 

~ a r k o w i t z . ~ )  

The bas i c  bu i ld ing  blocks of a c t i v i t y  a n a l y s i s  a r e  a s  fol lows:  

a. A set of a c t i v i t i e s  (1 ,2 , .  . . , k , .  . .) which produce ou tpu t s  i n  t h e  
1 2  amount X , X , . . . , xk , . . . . 

b. For each a c t i v i t y  k ,  a set of t echnologies  ( lk ,2k. .  . , jk , .  . .) which 

k k  k 
produce output  of type  k i n  t h e  amount X 1 , X 2 , .  . . , X j , .  .. . (Note t h a t  

C ,  A s e t  of r e sou rces  (1 ,2 , .  . . , i ,  . . .) usccl Ly Ll~e ~ec l l l lu lug les ,  a ~ l d  a 

set of p r i c e s  ( P I  , p2 , .  . . , P i , .  . .) which g ive  the cos t  per ul!it of each 

resfirlrce. 

k 
d. A s e t  of technology c o e f f i c i e n t s  a i j  which give f o r  each technology j 

producing output  lc t he  u n i t  input.  requirements  f o r  resource  i per u n i t  ou tput .  

k  
( a i j  < 0 denotes  an b u t p u t ) .  

I 
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e .  A s e t  of f i n a l  products  (1 ,2 , .  . . ,F, . . .) and a  set of time-dependent 
1 2  t 

demands RF,RF, ..., RF,. .  . f o r  each f i n a l  product F, which may be pr ice .  

s e n s i t i v e .  

Resources can be' c a t ego r i zed  i n t o  four  types:  ( a )  purchased i n p u t s ,  

indexed i n  t he  set. I ( l a b o r ,  m a t e r i a l ) ,  acquired from ou t s ide  the f i rm or 

o r g a n i z a t i o n  a t  some g iven  p r i c e  or  p r i c e  schedule;  (b)  energy inpu t s  t o  the  
N 

product ion  process ; '  ( c )  i n t e rmed ia t e  products ,  indexed i n  the  s e t  K a s  prod- 
N 

u c t s  of some a c t i v i t y  w i th in  t he  f i rm o r  o rgan iza t ion ,  and i n  the  set M when 

used a s  resources  f o r  subsequent a c t i v i t i e s ;  and (d)  durable  resources  or  

equipment whose c a p a c i t y  i s  u t i l i z e d  by the  a c t i v i t y ,  indexed i n  the  s e t  M - 
MI f o r  e x i s t i n g  technologies ,  and i n  t he  set MI f o r  new technologies  which r e -  

q u i r e  R&D expendi tures  p r i o r  t o  u t i l i z a t i o n ;  a d d i t i o n s  t o  the  s tock  of durab le  

r e sou rces  add t o  the  c a p a c i t y  of a l l  f u t u r e  time per iods  up to  the  r e t i r i n g  of 

t he  equipment. The a v a i l a b i l i t y  of the  resource  i n  a l l  cases  r ep re sen t s  the  

s t o c k  of t h a t  resource  on hand a t  the  beginning of the  peti.od i n  ques t ion .  It 

can be augmented dur ing  the per iod f o r  the case  of purchased inpu t s  and i n t e r -  

mediate  products ,  but on ly  wi th  a  lag  i n  the  case of durable  resources  because 

of the  de lay  between the  d e c i s i o n  t o  i n v e s t  i n  new capac i ty  and the time when 

t h e  new capac i ty  come's i n t o  use.  

Four types  of a c t i v i t i e s  indexed on k a r e  d i s t i ngu i shed  i n  the models: 

purchase of nondurable r e sou rces ,  denoted by PIk, k  € I; purchase of durable  

r e sou rces ,  DRk, t h a t  e i t h e r  r e q u i r e  (.k E M1) o r  do not r equ i r e  (k E M - M1) 
R&D expend i tu re s  p r i o r  t o  purchase; p roduct ion  a c t i v i t i e s  t h a t  t ransform 

k N 

r e sou rces  i n t o  i n t e rmed ia t e  ou tpu t s ,  denoted by X j ,  with k i n  the  s e t  K; and 
k 

a c t i v i t i e s  t h a t  t ransform resources  i n t o  f i n a l  ou tputs .  aga in  denoted hy Xj, 

but  wi th  k i n  the  s e t  K. 

C o n s t r a i n t s  indexed on i a r e  of f i v e  types:  ( a )  accounting c o n s t r a i n t s  

( i  E I )  which ensure 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  equa ls  

the t o t a l  purchase of t h a t  input ;  ( b )  capac i ty  c o n s t r a i n t s  ( i  E M) which 

r e q u i r e  t h a t  the  l e v e l  of an a c t i v i t y  not  exceed i t s  capac i ty ;  ( c )  m a t e r i a l s  
H 

balance  c o n s t r a i n t s  ( i  E M) which ensure t h a t  the  input  requirements f o r  

i n t e rmed ia t e  products  equa l  t h e i r  product ion from p r i o r  a c t i v i t i e s ;  (d )  demand 

c o n s t r a i n t s  ( i  E K) which ensure 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 ( e )  v a r i a b l e  con- 

s t r a i n t s  which ensure non-negative or i n t e g e r  va lues  f o r  the  v a r i a b l e s  i n  the 

problem. 



Since each technology has  a s soc i a t ed  wi th  i t  a s e t  of resource  require-  

ments expressed i n  terms of u n i t s  o f . c a p a c i t y  u t i l i z e d  and u n i t s  of purchased 

i n p u t s  and in te rmedia te  products  consumed, each has a c o s t .  The op t imiza t ion  

problem as soc i a t ed  with t h e  a c t i v i t y  a n a l y s i s '  i s  t o  choose t h a t  s e t  of ac t i v -  

i t i e s  and s e t  of t echnologies  f o r  .the a c t i v i t i e s  which s a t i s f i e s  t he  demand 

s p e c i f i e d  f o r  t he  f i n a l  products  a t  minimum c o s t .  

Choice e n t e r s  the  model v i a  s e v e r a l  rou t e s .  F i r s t ,  t h e r e  may be s e v e r 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 

r ep re sen t ing  a d i f f e r e n t  sequence o r  combination of a c t i v i t i e s .  Second, even 

i f .  t h e r e  i s  a unique combination of a c t i v i t i e s  which produces the  product ,  . 
t h e r e  may be many p o s s i b l e  technologies  t h a t  can be chosen to  accomplish each 

a c t i v i t y .  

The o b j e c t i v e  func t ion  is the  i n d u s t r y ' s  a f t e r - t a x  cos t  of meeting the 

demands; hence i t  must inc lude  both t he  marginal  t ax  r a t e  and the  allowed 

d e p r e c i a t i o n  schedule.  

The a f t e r t a x  cash expendi ture  flow Xn any period t i s  of t he  form 

( a )  (1' - T ) E X ~  - T D~ + Q ~ ~ D R ~  

where 

T = the  p r o f i t s  t a x  r a t e ,  

 EX^ = t o t a l  ope ra t i ng  expenses i n  t ,  

Dt = allowed d e p r e c i a t i o n  i n  t ,  

nixt = durable  resource  investment i n  t ,  and 

a = c a p i t a l  cos t  per u n i t  of DRt ,  

To see t h i s ,  suppose revenues in t a r e  R ~ .  Then a f t e r - t a x  cash-flow p r o f i t s  

(assumed to  be p o s i t i v e )  a r e  revenues,  l e s s  ope ra t i ng  expenses ,  l e s s  p r o f i t s  

t a x e s ,  l e s s  du rab l e  goods cxperlllicures : 

( b )  R t  -  EX^ - T ( R t  - Ext - Dt) - CYtDRc . 

I f  demands a r e  cons t an t  and must be met a t  f i xed  p r i c e s ,  R~ i s  c o n s t a n t ,  and 

maximizing (b )  i s  equ iva l en t  t o  minimizing ( a ) .  



I n  any g i v e n  p e r i o d  t ,  t h e n ,  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 r m s  would 

be t o  minimize ( a ) .  The f i r s t  term r e p r e s e p t s  t h e  a f t e r t a x  o p e r a t i n g  ex- 

penses  f o r  dl t e c h n o l o g i e s  i n  t;  t h e  second, a l lowed d e p r e c i a t i o n  on a l l  . 

c a p i t a l  e x p e n d i t u r e s  p r i o r  t o  t expressed  a s  t h e  r e d u c t i o n  i n  t a x  l i a b i l i t y ;  

and t h e  t h i r d ,  e x p e n d i t u r e s  on c a p i t a l  equipment i n  t f o r  dl t e c h n o l o g i e s .  

I n  t h e  dynamic f o r m u l a t i o n ,  t h e  p r i v a t e  s e c t o r  would d i s c o u n t  f u t u r e  expenses  

by t h e  c o s t  of c a p i t a l  r ,  and the  f i r m  would minimize the  p r e s e n t  va lue  of ( a )  

over  a  g i v e n  p lann ing  hor izon .  

Equa t ion  ( c )  summarizes t h e  n o t i o n s  in t roduced  p r e v i o u s l y ;  t h e  energy  

terms a r e  broken o u t  o f  bo th  t h e  o b j e c t i v e  f u n c t i o n  and t h e  c o n s t r a i n t  s e t .  

C o n s t r a i n t s  ( . I )  and ( . l a )  are the  account ing  e q u a t i o n s  which e n s u r e  t h a t  use 

o f  non-energy ( . I )  and e n e r g y  ( . l a )  i n p u t s  e q u a l s  t h e  amounts purchased.  

C o n s t r a i n t  (.2) e n s u r e s  t h a t  u t i l i z a t i o n  of t h e  c a p a c i t y  of a given technology 

d o e s  n o t  exceed t h e  c a p a c i t y  a v a i l a b l e .  C o n s t r a i n t  ( . 3 )  r e p r e s e n t s  t h e  s e t  of 

m a t e r i a l s  ba lance  e q u a t i o n s  f o r  a l l  i n t e r m e d i a t e  p roduc t s .  C o n s t r a i n t  ( . 4 )  

e n s u r e s  t h a t  p r o d u c t i o n  of f i n a l  pr.oducts i s  a t  l e a s t  a s  l a r g e  a s  f i n a l  

demand. C o n s t r a i n t  ( .5) e n s u r e s  t h a t  a l l  v a r i a b l e s  a r e  non-negat ive ,  and 

c o n s t r a i n t  ( . 6 )  d e f i n e s  t h e  d e p r e c i a t i o n  s c h e d u l e s , f o r  d u r a b l e  r e s o u r c e s .  

I n  the  dynamic o p t i m i z a t i o n  model, Eq. ( c )  i s  t o  be 1uii.limized: 

sub jec t  t o :  



t t t-1 
( . 6 )  Di = f  (DRi ,DRi , . . .), the  s p e c i f i e d  dep rec i a t i on  func t ion .  

Glossary 

r = cos t  of c a p i t a l  (d i scount  r a t e )  used by p r i v a t e  s e c t o r  

k t  
Xj 

= product ion of product k, using jch technology, i n  t 

t 
DRi = durable  resource  investment of type i i n  t ,  measured i n  capac i ty  u n i t s  

t 
ai = c o s t l u n i t  of capac i ty  i i n  t ,  a  func t ion  of government po l i cy  

7 = co rpo ra t e  tax  r a t e  

t 
Di = allowed dep rec i a t i on  f o r  investment i n  technology i i n  t 

t PIi  = purchase of non-durable input  i i n  phys ica l  quantit i!es i n  t 
. . 



t 
Pi = p r i c e l u n i t  of non-durable input  i i n  t 

t 
PIE = purchase of energy inpu t s  i n  t ,  i n  Rtu (model accounts f o r  f i v e  

d i f f e r e n t  energy sources)  

t 
PE = p r i c e l u n i t  of energy input  i n  t 

k t  
a i j  = u n i t s  of ith purchased inpu t  requi red  per u n i t  of jth technology's 

ou tpu t  f o r  kth process  i n  t 

L 

RF = demand f o r  f i n a l  product F tn t; may be p r i c e  s e n s i t i v e  

Column Se to ,  indcxcd on k 

h) 

K = set  of in tormcdia tc  product a c t i v i t i e s  

K = set of f i n a l  product a c t i v i t i e s  

I = s e t  of purchased input  a c t i v i t i e s  

M = s e t  of purchased durab le  resource  a c t i v i t i e s  

Row S e t s ,  indexed on i 

I = set of purchased input  c o n s t r a i n t s  

M = s e t  of c a p a c i t y  c o n s t r a i n t s  . 
h) 

M = s e t  of m a t e r i a l s  balance c o n s t r a i n t s  on in te rmedia te  products 

K = set of f i n a l  demand c o n s t r a i n t s  

C. Precedent f o r  t he  Model 

The use of mathematical programming to  model the  production processes  of 

a  f i rm  or  an i n d u s t r y  was f i r s t  d i scussed  i n  the economic l i t e r a t u r e  i n  1953 

by ~or fman. '  The f i r s t  a p p l i c a t i o n  of mathematical programming t o  the  s t e e l  

i n d u s t r y  appeared i n  Fabian ' s  a r t i c l e 1  i n  1958; s i n c e  t h a t  time, many a r t i c l e s  

and books desc r ib ing  var ious  programming formulat ions have appeared, 8-10 and 

more a r e  on the  way. 

Why has l i n e a r  programming been the  dominant methodology used t o  desc r ibe  

t h e  product ion processes  of the  i ndus t ry?  The answers l i e  i n  the  c h a r a c t e r i s -  

t i c s  of the  i n d u s t r y  and i n  the  p a r t i c u l a r  c a p a b i l i t i e s  of the l i n e a r  program- 

ming models t o  cap tu re  t he se  c h a r a c t e r i s t i c s  r e l a t i v e  t o  the  major methodolog- 

i c a l  a l t e r n a t i v e ,  econometric modeling. 



C 

Econometric modeling has  c e r t a i n  c h a r a c t e r i s t i c s .  (1)  It i s  based on 

s t a t i s t i c a l  a n a l y s i s  of p a s t  d a t a .  ( 2 )  It d e a l s  i n  r e l a t i o n s  between aggre- 

g a t e  measures of behavior  (income, p r i c e ,  e t c . )  l eav ing  to  the da t a  themselves 

t h e  job of de sc r ib ing  the  a c t u a l  i n t e r p l a y  between technologies .  ( 3  ) It 

usua l ly  i s  an equi l ib r ium a n a l y s i s ,  d e p i c t i n g  the l i k e l y  r e l a t i o n s h i p s  between 

t h e  aggrega tes  a f t e r  a l l  adjustments  and responses have been made. It has  

c e r t a i n  advantages: i t  is  r e l a t i v e l y  cheap, s i n c e  d a t a  a r e  u s u a l l y  e a s i l y  

a v a i l a b l e  a t  t h e  l e v e l s  of aggrega t ion  t h e  models d i s p l a y ,  it  has a  long h i s -  

t o r y ,  and the re fo re  i t s  s t r e n g t h s  and weaknesses a r e  wel l  known; and f o r  ca se s  

i n  which the  i s s u e s  addressed r e q u i r e  knowledge of t he  behavior of aggrega tes  

( such  a s  employment, income, e t c . )  i t  i s  an "opera t iona l"  methodology i n  the 

sense t h a t  both aggregate  po l i cy  c o n t r o l  and v a r i a b l e s  (Btu t axes ,  e t c  .) can 

be e a s i l y  ad jus t ed  and aggregate  po l i cy  performance v a r i a b l e s  ( n a t i o n a l  energy 

consumption) e a s i l y  observed. It a l s o  has major drawbacks: (1 ) Technologies 

a r e  not d i r e c t  v a r i a b l e s  i n  the  models i n  the sensc t h a t  they can be con- 

t r o l l e d  o r  observed. ( 2 )  It i s  a  "backward looking" approach using pas t  r e l a -  

t i o n s h i p s  t o  p r e d i c t  f u t u r e  developments, which i s  accep tab l e  a s  long a s  pas t  

and f u t u r e  behavior and experience a r e  not too d i f f e r e n t ;  however, when major 

changes occur i n  the  s t r u c t u r e  o r  p r i c e s  of an i ndus t ry ,  o r  when the i n d u s t r y  

depends on c a p i t a l  s tock  t h a t  i s  extremely du rab l e ,  t he  long-run pas t  may not 

r e f l e c t  the  immediate f u t u r e ,  dnd more app rop r i a t e  methodologies should be 

used. (3 )  It g e n e r a l l y  assumes p e r f e c t  markets i n  the  f a c t o r s  of product ion 

i n  order  t o  expla in  behavior ,  an assumption t h a t  i s  not  easy t o  change. 

Process  op t imiza t ion  models a l s o  have c e r t a i n  c h a r a c t e r i s t i c s .  (1 ) They 

d e a l  e x p l i c i t l y  with technologies  and the compet i t ion  between them f o r  market 

sha re s .  ( 2 )  The op t imiza t ion  process  i s  e x p l i c i t  i n  the  model, not concealed 

i n  i t s  workings. ( 3 )  They a r e  g e n e r a l l y  d e t e r m i n i s t i c  (no t rea tment  of 

u n c e r t a i n t y )  and always very  d a t a  i n t e n s i v e ,  s i n c e  e x p l i c i t  r e p r e s e n t a t i o n  of 

a l l  t echnologies  must be en te red  i n t o  the model: i t  does not  " invent"  new 

technologies .  ( 4 )  The model can cap tu re  n o n l i n e a r i t i e s  i n  r e l a t i o n s h i p s  to  a  

l i m i t e d  e x t e n t ,  but i t  cannot s u c c e s s f u l l y  r ep re sen t  l a rge - sca l e  systems char- 

a c t e r i z e d  by inc reas ing  r e t u r n s  t o  s c a l e  and f ixed charges.  Major s t r e n g t h s  

a r e  (1 ) t he  e x p l i c i t  t rea tment  of t echnologies  and op t imiza t ion  , al lowing both 

t o  be v a r i e d ,  ( 2 )  t h e  a b i l i t y  t o  cap tu re  complex i n t e r r e l a t i o n s h i p s  between 

a c t i v i t i e s  i n  an i n d u s t r y ,  and ( 3 )  a  high degree of f l e x i b i l i t y  i n  t r e a t i n g  



4 

technology dominated issues. Major weaknesses are (1) difficulty in handling 

the aforementioned relations, (2) the likelihood that the data required will 

not be available or reliable, and (3) the large expense of constructing and 

running the models. 

The nature of the iron and steel industry played a dominant role in the 

selection of process modeling by mathematical programing as the appropriate 

methodology. 

1. The industry is dominated by large, well-known installations (e.g., 

only about 100 blast furnaces are in operation in the entire U.S.), about 

which a wealth of data is available as a result of past American Iron and 

Stccl Ins tPtu t t  (AI3I) JaLa gaLhrrfng efforrfi, in some cases going back to 

1856 (see AISI Annual Statistical Reports). Furthermore, the recent confron- 

tations between the steel industry and the Environmental Protection Agency 

(EPA) over compliance costs and between the industry and the Federal Energy 

Administration (FEA) over voluntary energy conservation goals has led to a . 

vast outpouring of very detailed engineering-economic data on the processes 

and their distribution in the industry. Thus, the problem of data availabil- 

ity, a major drawback of process analysis, is not as serious as it might be 

for other industries or might have been in the past for this one. 

2. The industry is composed of processes with a high degree o f  intercon- 

nectedness and complexity; offgases and scrap as well as product move freely 

between production stages. This interconnectedness requires a systems model 

to evaluate process change, since the full impact on the system of an adjust- 

ment in one process will go well beyond the bounds of the process itself. 

3. The industry's high degree of vertical integration puts managers in a 

position to act on system-wide effects; the span of control within o typical 

firm stretches from iron ore mining and scrap collection to the production of 

billets, slabs, blooms, and in some cases, final products. 

4. The characteristics of very durable capital stock heavily influence 

decisions in the industry: the tremendous inertia of the existing multi- 

billion dollar investment will play a dominant and predictable role in the 

future of the industry. 

4. There is a high degree .of substitutability between and within the 

major processes, and the alternatives are well documented in the open litera- 

ture. 



Thus, t he  major 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  i n d u s t r y  - ava i l -  

a b l e  d a t a ,  high process  s u b s t i t u t a b i l i t y  and in te rconnec tedness ,  v e r t i c a l  in-' 

t e g r a t i o n ,  well-documented technologies . ,  dominant c a p i t a l  s t ock  - a r e  the very 

ones which the  technique ,of process  op t imiza t ion  r e q u i r e s  f o r  succes s fu l  ap- 

p l i c a t i o n .  

D. Model L imi t a t i ons  

A l l  modeling e f f o r t s  have inheren t  f a u l t s  and l i m i t a t i o n s .  The i r o n  and 

s t e e l  model i s  no except ion.  I n t e r p r e t a t i o n  of r e s u l t s  should be tempered 

wi th  cons ide ra t i on  of the  model1 s shortcomings. The l i m i t a t i o n s  of the  i r o n  

and s t e e l  model i n  the  a r e a s  of methodology, d a t a ,  and technologies  a r e  expl i -  

c i t l y  s t a t e d  below. 

The model1 s methodology i s  normative i n  assuming t h a t  the s t e e l  indlls.try 

behaves a s  a cos t  minimizer. To the e x t e n t  t h a t  t h i s  i n d u s t r y  behaves i n  a 

01.j.gopolis t i c  manner, t h i s  assumption is unwarranted. 

The model i s  n a t i o n a l  i n  scope and does not  r e f l e c t  r eg iona l  d i f f e r e n c e s ,  

t h a t  i s ,  i t  responds t o  n a t i o n a l  s t e e l  demands and n a t i o n a l  average f u e l  

p r i c e s .  It cannot cap tu re  r e g i o n a l  product ion s h i f t s  t h a t  might occur a s  a 

r e s u l t  of r e g i o n a l  demand change o r  d i f f e r i n g  r eg iona l  . f ue l  p r i ce s .  For ex- 

ample, i f  f u e l  p r i c e  d i f f e r e n c e s  r e s u l t e d  i n  product ion inc reases  i n  lower- 

p r i c e  reg ions ,  t he  i n c e n t i v e s  f o r  adopt ing conserva t ion  technologies  would no 

doubt be reduced. 

Costs used i n  t h e  model a r e  based on the  assumption t h a t  t he  technologies  

a r e  operated a t  c apac i ty .  In  gene ra l ,  one e f f e c t  of opera t ing  a t  below capa- 

c i t y  i s  .an increase  i n  per u n i t  energy requirements.  For example, i n  1975 t h e  

i n d u s t r y  operated a t  on ly  81X c a p a c i t y  and the energy i a t e a s i t y  rose t o  

3 3 . 6 ~ 1 0 ~  ~ t u / t o n  of f i n i s h e d  s t e e l ,  compared with 31.7 f o r  f u l l  c a p a c i t y  op- 

e r a t i o n  i n  1973. Therefore ,  a hea l thy  i n d u s t r y  i s  a more e f f i c i e n t  producer.  

A s  i n  most models, t h e  s e v e r e s t  l i m i t a t i o n  i s  the  a v a i l a b i l i t y  of good 

d a t a .  The da ta  used were obtained from the open l i t e r a t u r e ,  and i n  s eve ra l  . 

c a s e s . d a t a  f o r  new technologies  were provided by proponents. For example, t h e  

model uses  t echn ica l  c h a r a c t e r i s t i c s  of the b las t - furnace  c o a l  g a s i f i e r  

provided by, i t s  inventor  even though . t h e  s t a f f  of a l a r g e  s t e e l  company 

d i s a g r e e s  with h i s  e v a l u a t i o n  of the technology 's  p o t e n t i a l .  



I n  s e v e r a l  ca se s ,  " s o f t "  d a t a  had to  be generated t o  s a t i s f y  the  model 

s p e c i f i c a t i o n s .  For example, s c r ap  p r i c e  and a v a i l a b i l i t y  a r e  based on d a t a  

taken  from h i s t o r i c a l  econometric ana lyses ,  but enhanced sc rap  recovery and/or 

expor t  c o n t r o l s  i n  the  f u t u r e  could r e s u l t  i n  a d d i t i o n a l  energy savings by in-  

c r ea s ing  t h e  s c r ap  supply. The f u t u r e  cos t  of imported s t e e l  i s  another  un- 

known. Because t he  model r e q u i r e s  t h a t  domestic s t e e l  demand be met a t  mini- 

mum c o s t ,  i t  c a l l s  f o r  impor ta t ion  of s t e e l  i f  product ion c o s t s  a r e  g r e a t e r  

than import c o s t s .  The model t h e r e f o r e  assumes a r t i f i c a l l y  high import p r i c e s  

t o  guaran tee  domestic product ion.  However, f u t u r e  energy demand by the domes- 

t i c  s t e e l  i n d u s t r y  i s  very  s e n s i t i v e  t o  import l e v e l s .  Unless a  c l e a r l y  

s t a t e d  po l i cy  dec i s ion  i s  made, such as imposi t ion of a  maximum l e v c l  of 

impor t s ,  t h i s  i s s u e  cannot be modeled with any degree of confidence.  

Model r e s u l t s  a r e  a d i r e c t  r e f l e c t i o n  of the technologies  assumed. The 

technologies  included i n  the  model a r e  e i t h e r  exis t i -ng process  technologies  o r  

energy conserving technologies  about which information was taken from the open 

l i t e r a t u r e  wi th  no access  t o  p r o p r i e t a r y  information.  However, the  spectrum , 

of op t ions  a v a i l a b l e  t o  the i n d u s t r y  no doubt inc ludes  new technologies  t h a t  

a r e  not  energy conserving.  For example, l abo r  p roduc t iv i t y  has h i s t o r i c a l l y  

been a  more important  concern. On the  o the r  hand, the  cons iderab ly  lower 

s r t l s l r i v i r y  eo energy p r i c e s  i n  t h i s  model than i n  h i s t o r i c a l  econometric 

a n a l y s i s  r e f l e c t s  the  p o s s i b i l i t y  of cons iderab ly  more, a s  ye t  unspec i f i ed ,  

conservar ior i  technol.ogies on t h e  horizon.  

11. THE INTEGRATED MILL MODEL 

The model i s  presented i n  9 s e c t i o n s ,  each dea l ing  with a  major process  

b lock  i n  F igure  1 i n  the  In t roduc t ion .  

A.  . I r o n  Ore Mining, P repa ra t i on ,  i n d  Shipment 

Uecause of Llle variable i r o n  conten t  of d i f f e r e n t  i r o n  o re s  and the  re- 

quirement t h a t  i n p u t s  i n t o  t he  b l a s t  furnace have c e r t a i n  phys i ca l  a t t r i b u t e s ,  

i r o n  ore  p repa ra t i on  i s  e s s e n t i a l  t o  the i r o n  and steelmaking process .  

Before 1960 thc  bulk of t h e  U.S. i ~ u u  ures were goeehi te ,  l imon i t e ,  and 

h e m i t i t e ,  with high ( 60% Fe) i r o n  conten t .  Deplet ion of these  o re s  has led 

t o  t he  use of r e l a t i v e l y  low grade (30% Fe) magnetite-bearing t a c o n i t e ,  which 

is  p e l l e t i z e d  t o  i n c r e a s e  the Fe con ten t ,  and increased  imports of h igher  



g r a d e  i r o n  o re .  I n  1974, t h e  U.S. imported 35% of t h e  i r o n  o r e  (60% Fe)  

needed, 50% of t h e  impor t s  coming from Canada and 33% from Venezuela. About 

95% of domest ic  o r e s  r e q u i r e  b e n e f i c i a t i o n  and agglomerat ion i n t o  p e l l e t s  o r  

s i n t e r  having an i r o n  c o n t e n t  o f  60 t o  65% (A.D. ~ i t t l e , l l  p. V-1). 

A s  many i n v e s t i g a t o r s  have po in ted  o u t ,  t h i s  g r a d u a l  exhaust  i o n  of domes - 
t i c  o r e ,  r e s e r v e s  w i l l  have a profound e f f e c t  on energy use  i n  t h e  i r o n  and 

s t e e l  i n d u s t r y ,  s i n c e  t h e  h i g h e r  c o s t  per ton i r o n  e q u i v a l e n t  of imported o r e  

and p e l l e t s  w i l l  a l t e r  t h e  cos t -min imiz ing  ho t  i r o n / s c r a p  r a t i o .  The model 

i n c l u d e s  two import  o p t i o n s :  p e l l e t s  and o r e  c o n c e n t r a t e s .  P e l l e t s  (63% Fe)  

a r e  assumed t o  a r r i v e  a t  lower l a k e  p o r t s  a t  a 1975 d e l i v e r e d  p r i c e  of 

$30.00/ton (Min. yrbk;12 p .  727) .  The 1975 p r i c e  of o r e  c o n c e n t r a t e s  (51.5% 

Fe) is  assumed t o  be $18.75/ton.  A l l  imported o r e s  a r e  assumed t o  be s e n t  by 

r a i l  t o  t h e  mills (assumed t o  be i n  t h e  P i t t s b u r g h  a r e a )  a t  a 1975 p r i c e  of 

$4.62 per  ton (based on 25% e s c a l a t i o n  i n  r a i l  c o s t s  s i n c e  1973).  The o n l y  

domes t ic  energy charge is  t h e  Rtu requirement  f o r  t h i s  t r a n s p o r t a t i o n ,  e s t i -  

mated a t  0 . 0 8 ~ 1 0 ~  Btu l ton-mi le  by  att tell el^ (p.  A-4). 

Domestic o r e  p roduc t ion  has  t h e  same two forms, p e l l e t s ,  and 

c o n c e n t r a t e s .  Energy and m a t e r i a l s  consumption per ton of p e l l e t s  i s  from 

~ a t t e l l e ' ~  (p.  A-4) and l a b o r  and maintenance c o s t s  a r e  from R u s s e l l  and 

vaughan9. The consumption p a t t e r n s  per ton of o r e  c o n c e n t r a t e s  a r e  based on 

g a t t e l l e 1 3  T a b l e s  A-3 and A-5. 

Costs  f o r  domest ic  o r e  a c t i v i t i e s  a r e  based on the  same d a t a  used t o  e s -  

t i m a t e  d e l i v e r e d  import  p r i c e s ,  w i t h  a f i x e d  $l.OO/ton d i f f e r e n t i a l  t o  r e f l e c t  

p r e f e r e n c e  f o r  domest ic  o r e  by domest ic  i r o n  and s t e e l  producers .  

Ore bodies  a r e  e x h a u s t a b l e ,  and they  vary  i n  q u a l i t y .  The U.S. Bureau of 

Mines e s t i m a t e s  t h a t  9000 m i l l i o n  tons  of h igh  g rade  o r e  remain i n  t h e  U.S. 

which a r e  k i n a b l e  a t  o r  near  c u r r e n t  c o s t s  , I4 and f u r t h e r  o r e  could be o b t a i n -  

ed on ly  a t  h i g h e r  c o s t .  To r e f l e c t  t h i s ,  t h e  model d i s t i n g u i s h e s  between 

t h r e e  domest ic  o r e  types:  

a. Ore s i m i l a r  i n  q u a l i t y  and c o s t  t o  t h a t  now mined; c o s t  per d e l i v e r e d  

t o n  is $23.00, and t h e  q u a n t i t y  a v a i l a b l e  is  4 5 0 0 x 1 0 ~  t o n s .  14 

b. Lower q t i a l i t y  o r e ,  c o s t i n g  $38.00 per  ton t o  mine, w i t h  4 5 0 0 x 1 0 ~  t o n s  

a v a i l a b l e .  l4 

c .  Lowest q u a l i t y  o r e ,  c o s t i n g  $50.00 per  ton t o  mine, w i t h  1 0 0 , 0 0 0 ~ 1 0 ~  

t o n s  e s t i m a t e d  t o  be a v a i l a b l e l 4  ( t h i s  c o n s t r a i n t  is never b ind ing) .  



Since North American r e se rves  (mainly Canadian t a c o n i t e s )  amount t o  

3 6 , 0 0 0 ~ 1 0 ~  tons,14 no c o n s t r a i n t  i s  placed on the  amount of o re  or  p e l l e t  im-  

p o r t s  over the 25-year horizon.  

I r o n  o re  p r e p a r a t i o n  c o n s i s t s  of p e l l e t i z a t i o n ,  which i s  done a t  the  mine 

mouth, and s i n t e r i n g ,  which t akes  p lace  a t  the i n t e g r a t e d  p l an t  i t s e l f .  Pel- 

l e t i z i n g  i s  done a t  t he  mine mouth because i t  l eaves  a 50 t o  65% res idue  from 

the  crude o r e  whic'h, i f  not  removed, would make t r a n s p o r t a t i o n  c o s t s  prohibi- 

t i v e ,  and because t h e  p e l l e t s '  r e s i s t a n c e  t o  crushing al lows them t o  be t r ans -  

por ted  over long d i s t a n c e s  i f  necessary ;  

'The f u e l  sources  used i n  t he  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  

g a s ,  and c l e c t r i c i t y ,  wi th  the o i l  and gas being s u b s t i t u t a b l e  depending on 

ava ' i l ab . i l i t y  and p r i ce .  According to   att tell el (Table A-41, the  process uses  

a t o t a l  01 1. ~ ~ 1 0 ~  bcu per ton of p e l l e t s  f o r  concen t r a t i on  and p e l l e t i z i n g .  

I n c l u s i o n  of t h e  o r e  mining and mine-mouth ore  processing i n  t he  model i s  ne- 

c e s s a r y  t o  eva lua t e  the f u l l  impact of energy conserva t ion  meastlres , but i t  

r a i s e s  some Btu account ing problems because mining and o re  processing a r e  re-  

por ted  not i n  SIC 3312 ( b l a s t  f u rnaces ,  s teelworks and r o l l i n g  m i l l s )  but i n  

SIC 1011 ( i r o n  o re  mining).  Hence, t he  energy consumption per ton of s t e e l  

r epo r t ed  here  i nc ludes  energy t h a t  o t h e r  ana lyses  exclude and is  t h e r e f o r e  

s l i g h t l y  higher .  Discrepanc ies  between commonly repor ted  f i g u r e s  and t h i s  an- 

a l y s i s  a r e  noted i n  the t e x t .  

The s i n t e r i n g  operation, which is  neccsoary t o  convert  o re  fines I n t o  

chunks s u i t a b l e  f o r  feeding i n t o  a b l a s t  fu rnace ,  i s  based mainly on data  from 

Russe l l  and vaughan9 and t h e  o t h e r  sources  given i n  Table 2. Current  annual  

s i n t e r  c a p a c i t y  i s  47 m i l l i o n  tons.  (EPA, l5 Vol. 1, p. A-5). The inpu t s  to  

t h e  s i n t e r  process  a r e  a mix of iron-beari-ng m a t e r i a l s  (such as s ludgc ,  o r e  

f i n e s ,  and f l u e  d u s t )  , i g n i t i o n  fuels (s11r.h a s  n a t u r a l  gas and aolcc oven gas 

and b reeze ) ,  and o i l .  E l e c t r i c i t y  is  used f o r  power f a n s ,  d r i v e  equipment,  

e t c .  Agglomeration of i r o n  o re  f i n e s  i s  necessary  t o  prevent  ascending gas i n  

t h e  b l a s t  furnace from d i scha rg ing  the  p a r t i c u l a t e s  ou t  of the  s tack .  Af t e r  

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

agglomerating p a r t i c l e s  t o  form a cake (now con ta in ing  60% Fe ) ,  which i s  then 

quenched with water and broken i n t o  p ieces  of about 4-in. diameter  f o r  use i n  

a b l a s t  furnace.  



Table 2 
Iron Ore Processing Options 

Sinter production Pellet production Ore 

Capacity (lo3 tonslyr) 47000.000 70000.000 - 
Investment - 75.000 - 
Limestone (tons 0.110 - - 
Steam (lo6 Btu) 0.103 - - 
Residual oil (lo6 Btu 0.070 0.92 0.43 

. Electricity (lo3 kwh) 0.039 0.093 0.025 
Coke oven offgas /lo6 ~ t u ) ~  1.460 - - 
Labor (man-hours) 0.130 0.260 0.13 
Oper. + maint. ($13s9 1.00 2.00 1.00 
Scrap (tons) l3 0.12 - 
Taconite Ore (tons) - 3.45 - 
Pellets - -1 .OO - 
Sinter Ore 1.05 - - 
Sinter -1.0 - - 
Concentrates Ore - - 1.0 
Concentrates - - -1 .0 

Fuel  conserving opt ions  i n  p e l l e t i z i n g  and s i n t e r i n g  have received l i t t l e  

a t t e n t i o n  because of the  small  energy consumption r e l a t i v e  t o  t h a t  i n  the i r o n  

and steelmaking process.  One technique t h a t  may be adopted given the  s c a r c i t y  

of n a t u r a l  gas  is t o  use coa l  f i r i n g  a t  p e l l e t i z a t i o n  p l an t s .  Some recent  

p re l iminary  i n v e s t i g a t i o n s  (A.D. ~ i t t l e ,  l1 p. V-13) i n d i c a t e  Fuel sav ings  on 

the  order  of 4 x 1 0 ~ ~  Btu/yr  of o i l  and n a t u r a l  gas  f o r  complete conversion a t  

a l l  p e l l e t i z i n g  p l a n t s ,  a t  a c o s t  of around $3.00110~ Btu f o r  the coa l  g a s i f i -  

c a t i o n  p l a n t .  

Table 2 summarizes the  da t a  c u r r e n t l y  en te red  i n  . t h e  model fo r  i r on  ore  

miaing, p repara t ion ,  and shipment. Supe r sc r ip t s  i n d i c a t e  the  sources  of d a t a  

used to  a r r i v e  a t .  the  numbers. 

B. Coke Product ion 

The d e s t r u c t i v e  d i s t i l l a t i o n  of a blend of c o a l s  i n  coke ovens a t  

1650°-2000"~ praducca n carbonaceotis res idue  known a s  coke, the primary f u e l  

f o r  b l a s t  fu rnaces ,  which produce the  i r o n  f o r  steelmaking furnaces .  The coke 

supply s i t u a t i o n  is  one of the major problems fac ing  the s t e e l  i ndus t ry .  



I n  t he  b l a s t  fu rnace  a  chemical agent is needed to  reduce the oxides  of 

i r o n ;  t h i s  agent  is  carbon, which is provided by coke. Coke production r e -  

q u i r e s  an expensive low-sulfur  bituminous coking coa l .  Since 90% of the U.S. 

r e se rves  of low-sulfur  bituminous c o a l s  a r e  not s u i t a b l e  f o r  coking, the s c a r -  . . 
c i t y  of coking c o a l s  is a  growing i s sue .  A s o l u t i o n  to  t h i s  perplexing prob- 

l e m  has been proposed, but  a s  y e t  t he re  is  no economic method . f o r  producing 

coke from noncoking coa l .  Of the  10% of U.S. r e se rves  of low-sulfur  bitumi- 

nous coa l s  t h a t  ar.e s u i t a b l e  f o r  coking,  80% a r e  loca ted  i n  West V i rg in i a  and 

Kentucky. The opt imal  blend of c o a l s ,  a s  reported by Thermo E lec t ron  Corp., 3 

Is 60% h i g h - v o l a t i l e  c o a l  and 40% low-vo la t i l e  coa l .  A t  present  the  averngc . 

mi.x is  66% h i g h - v o l a t i l e ,  16% medium-volati le,  and 18% low-volat i  1 P .  'If only 

h i g h - v o l a t l l e  coa l  were used, the  coke would have a  porous, weak form r a t h e r  

t han  the f i rm,  c e l l u l a r  form d e s i r e d ,  which is  not ob t a inab le  from a l l  bitumi- 

nous coa l s .  Two o t h e r  d e s i r a b l e  p r o p e r t i e s  of coking coa l s  a r e  low ash con- 

t e n t  (-8.1%) and low s u l f u r  conten t  (-1.3%). Use of coa l  with high ash and 

s u l f u r  con ten t s  r e s u l t s  i n  added s l a g  i n .  the  b l a s t  fu rnace ,  increased expendi- 

t u r e  Eor coke, and decreased product ion.  Coke consumption is almost d i r e c t l y  

p ropor t i ona l  t o  ou tput  i n  the  i n t e g r a t e d  s t e e l  m i l l ,  s i nce  the  hydrocarbon 

i n j e c t a n t  modes of ope ra t i on  have been e l imina ted .  Another f a c t o r  c o n t r i b u t -  

ing t o  the In t eg ra t ed  s t e e l  m i l l ' s  problems is  t h a t  the u t i l i t i e s  a r e  vying 

f o r  low-sulfur  coa l  because of the  s c a r c i t y  of n a t u r a l  gas and the environ-  

mental  p ro t ec t i on  laws. 

Coke is made a s  fol lows.  A prepa ra t i on  f a c . i l i t y  rece ives  the var ious  

c o a l s  s u i t a b l e  f o r  coking,  pu lve r i ze s  them, .and blends the h i g h - v o l a t i l e ,  

medium-volat i le ,  and I .ow-volat i le  coa l s  i n  tile r e q u i s i t e  p ropor t ions .  The 

crushed coa l  is t r a n s f e r r e d  t o  s l o t  ovens on the p l an t  s i t e  arld charged i n t o  

by-product coke ovens ( S O  named hecal~se they have f a c i l i t i e t i  f o r  recovering 

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

ait is  heated i n  r egene ra to r s  and mixed with u n d e r - f i r e  f u e l s  (of which 40% i s  

recyc led  coke oven gas )  f o r  burning i n  the  combustion chamber. Under normal 

o p e r a t i n g  cond i t i ons ,  the  charge is heated f o r  14  t o  16  h r ,  and then the coke 

i s  forced  i n t o  wa i t i ng  c a r s ,  where i t  i s  water -quenched to  prevent combustion. 

A significant po r t i on  of the  s e n s i b l e  hea t  is l o s t  here  ( - 1 . 4 ~ 1 0 ~  Btu per ton 

of coke) and could be p a r t l y  recovered. Af te r  cool ing ,  the coke is crushed 

and screened. Most of i t  is  then t ransmi t ted  to  the b l a s t  fu rnace ,  and the 



remaining f i n e s  (coke breeze)  a r e  conveyed to  the reclamation plant  and 

u t i l i z e d  a s  f u e l  i n  the s i n t e r i n g  ope ra t i on .  In  summary, the ou tputs  of t he  

coke oven a r e  (1 )  coke, ( 2 )  a mixture of H2 and CHI+ c a l l e d  coke oven gas with 

a hea t ing  va lue  of  500 I I t u / f t 3 ,  ( 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  i ndus t ry  with regard to  coke a r e  (1 )  

the  dwindling supply of s u i t a b l e  low-sulfur  bituminous coking c o a l s ,  (2 )  t h e  

decreas ing  q u a l i t y  of the coke, ( 3 )  compet i t ion by 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  heat  In  the water-quenching of coke. 

The problems of hea t  l o s s  and decreasing q u a l i t y  can be somewhat amelio- 

r a t e d  by a process  c a l l e d  dry  quenching, which has been used with some success  

i n  Europe and the U.S.S.R. and i s  an opt ion  i n  the model. Dry quenching d i f -  

f e r s  from wet quenching i n  t h a t  the hot coke is  dropped i n t o  a cool ing chamber 

where by var ious  means combustion is prevented and the  coke is cooled,  saving 

1 . 2 ~ 1 0 ~  Btu per ton of coke ( A I S I , ~  p. 28). Cap i t a l  c o s t s  a r e  $123/ton f o r  

wet coking ( E P A , ~ ~  Vol. 2 ,  e x h i b i t  6 ) ,  and the cos t  i s  $15/ton f o r  r e t r o -  

f i t t i n g  wet coking t o  the  dry coking process .  (average of c o s t s  given by 

A I S I ~  and A.D. ~ i t t l e l l ) .  

Table 3 d i s p l a y s  t he  inputs .  and ou tpu t s  f o r  the  coke production op t ions  

i n  the  model, with r e f e r ences .  

Table 3 
Coke Production Options 

Wet coke Dry coke 

Capacity (lo3 tonslyr) 
Investment cost, new ( $ )  
Coke (tons) 
Steam (lo6 Btu13s5 
Residual oil (lo6 Btu 
Electricity (lo3 kwh) 
Coking coal 
Labor (man-hours) 
Oper. + maint. ($15 
Waste heat ( 1 . 0 ~  Rtu) 
Coke oven offgas (lo6 ~ t u ) ~  



C .  B l a s t  Furnace 

The primary func t ion  of a  b l a s t  fu rnace  is  t o  produce pig i r o n  f o r  i n t ro -  

d u c t i o n  i n t o  s teelmaking furnac'es. The manufacture of pig i r o n  r e q u i r e s  an 

i npu t  burden which may c o n s i s t  of agglomerated o re s  ( p e l l e t s  and/or s i n t e r ) ,  

lumped o re s ,  s c r ap ,  and l imestone,  p lus  coke t o  supply carbon monoxide, which 

combines with the i r o n  oxides  t o  form carbon d iox ide  and pig i ron .  The output  

of a  b l a s t  fu rnace  i s  pig i r o n ,  s l a g  (formed by combination of l imestone with 

s u l f u r  and o t h e r  i m p u r i t i e s ) ,  and an o f f g a s  with a  hea t ing  va lue  of  95 

~ t u / f t ~ .  During the  product ion of pig i ron  (which is tapped every 3 t o  5 h r  

i n  q u a n t i t i e s  o f  300 t o  600 tons ) ,  the  o f fgas  is consumed i n  a  b o i l e r  t h a t  

produces compressed a i r  v i a  a  steam-powered blower. Funneling che a i r  through 

f o u r  o r  f i v e  hot  b l a s t  s t oves  provides  the  hea t  r equ i r ed  i n  the  b l a s t ,  which 

is  blown i n  a t  a  temperature  of 1200° t o  200OU~ a t  the tuyeres  near the  bottom 

of t h e  b l a s t  fu rnace .  Af t e r  t apping ,  the  pig i r o n  is  t ranspor ted  t o  t he  

s teelmaking furnaces .  

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

process ,  t he  b l a s t  fu rnace  has rece ived  much a t t e n t i o n .  The reduc t ion  of en- 

e rgy  consumption i n  t he  b l a s t  fu rnace  has been the  sub jec t  of numerous inves- 

t i g a t i o n s ,  but  t he  primary t a r g e t  has been to  reduce the per ton use of coke 

r a t h e r  than of t o t a l  Btu. Nominal average va lues  of energy and non-energy in- 

p u t s  t o  b l a s t  fu rnaces  a r e  those provided by Hal l  e t  a1. ,4 p. 69. 

Some ways of l e s sen ing  t h e  per  ton  use of coke do not n e c e s s a r i l y  lower 

t h e  energy consumption per ton of pig i r o n  produced. Various methods t ha t  

have been used t o  reduce coke use 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  furnaces  with high top  pressures .  

2. Improvement of o ld  b l a s t  fu rnaces  by r e t r o f i t t i n g  operat. ions.  

3 .  Increased  a i r -b l a s  t temperatures .  

4 .  Opt imizat ion of burden. 

5 .  I n j c c t i o n  of hydrocarbollti. 

A l l  t he se  op t ions  a r e  included i n  the model. 

1. Higher Top P re s su re s .  Most of the  b l a s t  fu rnaces  opera t ing  today 

were i n s t a l l e d  be fo re  1950 and ope ra t e  with a ~ o p  pressure  of 5 psig.  The 

average  coke usage of 1200 l b / t o n  of pig i r o n  can be reduced by increas ing  the 

t op  pressure .  Thermo E lec t ron   or^.^ r e p o r t s  t h a t  a t  the  opt imal  wind. r a t e  

s av ings  w i l l  amount t o  100 l b  coke per ton of pig i ron .  I n  the  design of new 
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b l a s t  fu rnaces ,  it is poss ib l e  t o  a l low f o r  h igher  t op  pressures :  t h e  

Japanese have b l a s t  fu rnaces  ope ra t i ng  wi th  top  p re s su re s  a s  high a s  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 a $46/annual ton of ca- 

pac i ty .  

2. and 3 .  R e t r o f i t t i n g  and Higher Temperatures. Re l in ing  and r eb r i ck ing  

i n  e x i s t i n g  b l a s t  fu rnaces  a l lows  f o r  increased  a i r - b l a s t  temperatures;  be- 

tween 1958 and 1968 t h e  average increased  from 1230° t o  1550°F. Each 100°F 

inc rease  i n  b l a s t  temperature decreases  the  coke charge by about  30 I b l t o n ,  

and temperatures  around 2 2 0 0 ° ~  a r e  considered ob ta inab le  with r e l i n i n g  a t  a 

c o s t  o f  $51 ton y e a r l y  capac i ty .  (Thermo E lec t ron  carp. ,3  p. 5-17). 

, 4 .  Optimizat ion of Burden. This  is  most e a s i l y .  achieved by use of 

b e l l - l e s s  tops which o f f e r s  t h t e e  d i s t i n c t  advantages: ( a )  Coke usage is re- 

duced by 30 l b  per ton of pig i ron .  (b )  C a p i t a l  :.costs a r e  lower. . ( c )  The 

burden input  mix can be c o n t r o l l e d .  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  as- 

sumed t o  be $18 pe r  ton yea r ly  capac i ty  (Therrno E lec t ron  Corp. ,3 p. 6-9), al- 

though only  15% of e x i s t i n g  furnaces  can withstand the  pressures  ( A I S I , ~  pp. 

50, 5 2 ) .  Addi t ioi ia l  savings might be. achieved by i n s t a l l i n g  expansion tur- 

b ines  a t  a c o s t  of  $600 t o  700 per kW. 

5. Hydrocarbon or  Coal I n j e c t i o n .  Another .means of reducing the  coke 

needed per ton of pig i r o n  is  i n j e c t i o n  of hydrocarbons (mainly n a t u r a l  ga s  

and o i l ) .  With .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, 

va r ious  va lues  of t he  t o t a l  Btu impact have been est imated.17 ,I8 I n  the  pres- 

e n t  model, a Btu f o r  Btu s u b s t i t u t i o n  r a t e  is  assumed; t h i s ,  coupled with the  

s l i g h t  Btu l o s s  a t  the  coke p l a n t ,  means a s l i g h t  i nc rease  i n  thermal e f f i -  

c iency  a s  hydrocarbons a r e  s u b s t i t u t e d  f o r  coke. However, a s  ,-the suppl ies .  o f .  

n a t u r a l  gas  dwindle,  more s teelmaking concerns a r e  a t tempting t o  u t i l i z e  pul- 

ve r i zed  c o a l  a s  t he  main i n j e c t a n t  i n t o  t he  b l a s t  furnace a t  the  s u b s t i t u t a b l e  

r a t e  o f  0.78 l b  coke per l b  coa l  up t o  28% of t he  coke input  (A.D. ~ i t t l e , l l  

p. VII-4). R e t r o f i t  c a p i t a l  c o s t s  fo r  the  coa l  pu lve r i z ing  equipment a r e  

assumed t o  be $6.50 per ton year  c a p a c i t y  ( A I S I , ~  pp. 38,44). 

I n  summary, the s c a r c i t y  of low-sulfur bituminous coking coa l s  has pre- 

empted the  s ea rch  f o r  methods devised p r imar i l y  t o  reduce t o t a l  energy con- 

sumption i n  the  b l a s t  furnace.  

The b l a s t  furnace is  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  of 

charges  (mixes of sc rap ,  s i n t e r ,  p e l l e t s ,  lump ore)  w i th  l i t t l e  change i n  



performance. R u s s e l l  and vaughan9 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  fu rnace  types .  I n  t h i s  model on ly  t h r ee  types  of b l a s t  furnaces  a r e  in- 

c luded : 

1. Those b u i l t  be fo re  1950 ( 7 2  m i l l i o n  tons per year t o t a l  c apac i ty )  

which, because of t h e i r  l im i t ed  a b i l i t y  t o  withstand e i t h e r  high temperatures  

o r  h igh  p re s su re s ,  a r e  allowed only one (low p re s su re  and temperature) mode of 

ope ra t i on .  For t he se  o ld  furnaces ,  t h e  nominal input  mix given by Hal l  e t  

a l . ,  p. 69, was modified so  t h a t  coke input  rep laced  a l l  i n j e c t a n t s .  

2. Those b u i l t  a f t e r  1950 (47 m i l l i o n  tons  per year t o t a l  c a p a c i t y ) ,  

which have s e v e r a l  op t ions :  

a .  Choice of burden mix: f u l l  p e l l e t ,  high p e l l e t ,  h igh  s i n t e r ,  

h igh  o re .  

b . Choice of Btu sources  : high  coke, hydrocarbon i n j e c t i o n .  

c .  High temperature  op t ion  ( r e q u i r i n g  r e l i n i n g  a t  a cos t  of 

$5.00/ ton) .  

d. Be l l - less  t op  op t ion  ( r e q u i r i n g  r e t r o f i t ;  the  top  i t s e l f  c o s t i n g  

$181 ton ) .  

e .  Powdered c o a l  i n j e c t i o n  ( r e q u i r i n g  cons t ruc t ion  of a coa l  pul- 

v e r i z e r  a t  a cos t  of $6.50/ ton) .  

f .  Low-energy-use mode of o p e r a t i o n  suggested by the  ~ n t e r n a t i o n a l  

I r o n  and S t e e l  1 n s t i t u t e . 1 9  

Since no t  a l l  combinations of the  above apt inns are allowed, only 1 4  com- 

b i n a t i o n s  appear i n  t he  model. 

3 .  The Jordan  b l a s t  fu rnace ,20  which is r e a l l y  a coa l  g a s i f i e r  wi th  

by-product i r o n  produced during ope ra t i on ,  which casts $861 tnn nf annual ca- 

p a c i  ty . 
Table 4 l i s t s  the  op t ions  and sources  of t he  d a t a  u t i l i z e d  i n  modeling 

t h e  b l a s t  furnace a c t i v i t y .  

D. Direct Reduction 

Di r ec t  r educ t ion  processes  a r e  b a s i c a l l y  of two types ,  gaseous and s o l i d .  

The f i r s t  uses  a gas ,  e i t h e r  hydrogen or  carbon monoxide, f o r  removing oxygen 

from i r o n ;  t h e  second u s u a l l y  u s e s  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  reduc t ion  process  would have an i r o n  conten t  of near 60%. Substan- 

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 ore  cannot 

be used, benef i c i a t e d  o r e s  can. 



Table 4 
Blast  Furnace Opt ions 

Low ore High ore Low ore Medium ore High ore  
normal normal hydrocarbon hydrocarbon hydrocarbon 

I I S I  1950 opera t ion  operat  ion i n j ec t  ion i n j e c t  ion i n j e c t  ion Jordan 
~ - 

I n v e s t .  c o s t ,  new ( $ 1  
Coke ( t o n s )  
Ref rac tory  ( l b . )  
Scrap ( t o n s )  
Oxygen ( l o 3  f t 3 ) .  
Limestone ( tons)  
~ l e c t r i c i t y  ( lo3  k ~ h )  
Resid. o i l  1 1 0 ~  ~ t u )  
Ore ( t o n s )  
P e l l e t s  ( t o n s )  
 inters ( t o n s )  
Labor (man-hours) 
Oper. + maint.  ('$1 
B L .  f .  o f fga s  (no6 ~ t u )  
Coke oven gas ( lo6 ~ t u )  

I Steam (106 3 tu)  
N 
w 1973 b l a s t  E u r n ~ c e  
I Cost ( $ 1  

Low ore  
b e l l - l e s s  Low ore Medium ore  High ore  Low ore  Xedium ore  High ore  

top high temp. high temp. high temp. pulv. coa l  pulv. coa l  pulv. c o a l  

I nves t .  cosz,  new ( $ )  108.000 105.000 105.000 105.000 106.500 106.500 106.500 
Coke ( t o n s )  0.580 0.550 0.550 0.550 0.450 0.450 0.450 
Ref rac tory  : l b )  5.000 6.000 6.000 6.000 5.000 5.000 5.000 
Scrap ( t o n s )  0.027 0.027 0.027 0.027 0.027 0.027 0.027 
Oxygen (103 f t 3 :  0.210 0.210 0.210 0.210 0.210 0.210 0.210 
Limestone (tons: 0.230 0.230 0.230 0.230 0.230 0.230 0.230 
Steam ( l o 6  Btu k 1.550 1.550 1.550 1.550 1.550 1.550 1.550 
Resid. o i l  (10 Btu) 1.070 1.070 1.070 1.070 1.070 1.070 1.070 
E l e c t r i c i t y  ( l o 3  kwh) 0.025 0.025 0.025 0.025 0.025 0.025 0.025 
Coal ( t ons )  - - - - - 3.200 0.200 
Ore ( t o n s )  0.410 0.200 0.410 1.170 0.200 0.410 1.170 
P e l l e t s  ( t o n s )  0.760 0.970 0.76 -a 0.200 0.76 - 
S i n t e r s  ( t o n s )  0.460 0.460 0.460 0.46 0.970 0.460 0.46 
Labor (man-hours) 0.385 0.452 0.452 0.608 0.460 0.452 0.608 
Oper. + maint .  ( $ )  4.230 4.230 4.230 4.230 0.452 4.230 4.233 
B 1 .  f .  o f fga s  ( l o 6  Btu) -1.840 -1.540 -1.840 -1.840 -4.230 -1.840 -1.840 
1973 b l a s t  fu rnace  1.000 - - - 1.840 - - 
Inves t .  c o s t s  r e t r o .  ( $ )  8.000 5.000 5.000 5.000 6.500 6.500 6.500 



Both types  of d i r e c t  reduc t ion  process  a r e  shown i n  Figure 1 i n  the I n -  

t r oduc t ion .  The gaseous one is the  Midrex process ,21,22 and the s o l i d  one i s  

t h e  SLIRN process  (SLIRN i s  an acronym f o r  the '  four  companies t h a t  developed 

i t ) .  The product from both processes  i s  92 t o  95% me ta l l i z ed .  

D i r e c t l y  reduced i r o n  o re  has s e v e r a l  advantages: 

1. The. chemical composition is  known exac t ly .  

2 .  The chemical composition is  uniform. 

3. It con ta in s  no undes i r ab l e  m e t a l l i c  impur i t i e s .  

4. It is  easy t o  t r a n s p o r t  and handle.  

5. It al lows increased  s t e e l  furnace p roduc t iv i t y .  

6 .  Direc t  - reduc t ion  e l e c t r i c  - furnace r a c i l i t i e s  can be cons t ruc ted  more 

qu ick ly  than those using the coke oven, b l a s t  fu rnace ,  and bas i c  oxygen.23 

Some s t ~ d i e s ~ ~ , ~ ~  have chown t h a t  f o r  omall p l a n t s  the e l e c t r i c  furnace 

has  economic advantages whereas f o r  l a r g e  p l a n t s  (>2.5x106 tons ly r )  i t  i s  most 

economical t o  cons t ruc t  f a c i l i t i e s  using the b l a s t  furnace and bas i c  oxygen. 

Of t h e  two types  of d i r e c t  reduc t ion  process ,  t he  SLIRN which u'ses coa l ,  i s  

favored  i n  the  U.S. because gaseous r educ t an t s  such a s  n a t u r a l  gas a r e  becom- 

ing  more s ca rce .  

I n  the i n t e g r a t e d  m i l l ,  t h e  Midrex process  can  be used with 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  (Thermo Elec-  

t r o n  carp. , 3  p. 5-6) ;  t h i s  r e q u i r e s  1.53 tons  of p e l l e t s  per ton of sponge 

o r e .  Fuel consumption is es t imated  a t  1 2 . 7 ~ 1 0 ~  Btu/ ton f o r  the prnr.ess, ~ n d  

t h e  c o s t  is $92.30 pe r  ton  of sponge o re  produced. 

The node1 al lows sponge o re  t o  be charged t o  any s t e e l  process  - e l e c t r i c  

a r c ,  open hea r th ,  o r  ROF - even though worldwide p r a c t i c e  is r e s t r i c t e d  to the 

e l e c t r i c  a r c  or  the  b l a s t  furnace (A.D. p. 61). 

I n  a d d i t i o n ,  t he  SL/RN process  is a v a i l a b l e  a s  an op t ion  i n  the mini-mil l  

wi th  c o a l  a s  the s o l i d  r educ t an t ;  the i n p u t s  a r e  based on the r e f e r ences  c i t e d  

p l u s  the  cos t  breakdown by A.D. p.  85. 

Table 5  g ives  the  d a t a  used f o r  the  d i r e c t  reduc t ion  process i n  the mod- 

e l .  Addi t iona l  capac i ty ,  beyond the  3.5 m i l l i o n  tons (A.D. ~ i t t l e , ~ ~  p.  85) 

now i n  ex i s t ence ,  i s  assumed t o  c o s t  $140/ton (A.D. ~ i t t l e , l l  p. VII-31).  



Table 5 
Direct Reduction Options 

integrated3 ~ i n i  - m i l l 2 6  

Capacity ( lo3  tonslyr) 
Investment cost,  new ( $ )  
Pel le t s  (tons) 
Flux (tons 3 Oxygen (10 i t 31  
Oper. + maint. ( $ )  
Labor (man-hours) 
E lec t r ic i ty  ( lo3  kwh) 
Coal (tons) 
Residual o i l  ( lo6  Btu), 
Cost ($1 

E. Open-Hearth Furnaces 

Before 1970 the  mainstay of the  i r o n  and s t e e l  i ndus t ry  was the  open- 

h e a r t h  furnace,  but because of economic cons ide ra t i ons  and the energy c r i s i s ,  

a  new workhorse, t he  b a s i c  oxygen furnace,  has emerged: I n  1973, 55% of t he  

c a p a c i t y  was bas i c  oxygen, 27% was open hea r th ,  and 18% was e l e c t r i c - a r c  f u r -  

naces.  The fundamental process  i n  a l l  s t e e l  fu rnaces  i s  the conversion'  of p ig  

i r o n  and scrap  i n t o  molten s t e e l  v i a  ox ida t ion .  

The open-hearth furnace ,  which c o n s i s t s  of a  rec tangular  r e f r a c t o r y  

h e a r t h  enclosed by r e f r a c t o r y - l i n e d  wal l s  and roo f ,  is f i r s t  charged with 

s c r a p  p lus  a  small  amount of l imes tone. Af te r  the f u e l  has been i g n i t e d  and 

t h e  melt ing of charge has begun, the  proport ioned amount of pig i ron  is  

charged and high p u r i t y  oxygen i s ' b lown  i n .  Af te r  va r ious  minor ope ra t i ons ,  

t h c  molten steel i s  tapped.  The t o t a l  cyc le  time is 8 t o  12 h r .  The predomi- 

nant c h a r a c t e r i s t i c s  of 'the open-hearth rocess  a r e  a s  fol lows:  

1. It can he charged with up t o  100% sc rap .  

2. It can bc r e t r o f i t t e d  with t h e  Q-hasic oxygen process .  

3. The t o t a l  t ap - to - t ap  time i s - 8  h r .  

4. Its use is decreas ing  because of emergence of the bas i c  oxygen pro-  

C C ~ E  (open hea r th  outpt.lt: decreased .from 1 0 0 x 1 0 ~  tons  of raw s t e e l  i n  1364 t o  

4 0 x 1 0 ~  tons i n  1973). 



The nodel has t h r e e  types of open hea r th  furnaces  (EPA,15 v o l .  1, e x h i b i t  

A-5) : 

1. Small r e l a t i v e l y  o ld  u n i t s  with 1 m i l l i o n  tons /yr  of aggregate  capa- 

c i t y .  

2. Small u n i t s  b u i l t  s i nce  1945, amounting to  1 5  m i l l i o n  t ons ly r  capac- 

i t y .  

3. Large u n i t s  b u i l t  s i n c e  1945, amounting to  34 m i l l i o n  t ons ly r  capac- 

i t y .  

Energy and non-energy inpu t s  a r e  a s  reported by Hall  e t  a1. ,4  p .  70, with 

t he  tol lowing except ions .  (1) A high sc rap  op t ion  (0.75 sc r ap ,  0.38 p ig  

i r o n )  i s  a v a i l a b l e  f o r  a l l  v in t ages  as a11 a l t e r n a t i v e  t o  rhe nominal mix given 

by Hal l  e t  a l . ,  (0.51 s c r a p ,  0.62 pig i r o n ) .  When t h i s  op t ion  is s e l e c t e d ,  an 

a d d i t i o n a l  0 . 2 1 ~ 1 0 ~  Btu is  assumed necessary  t o  hea t  the  scrap.  ( 2 )  Oxygen 

i n j e c t i o n  i s  a v a i l a b l e  on ly  i n  the l a r g e  u n i t s  b u i l t  s i n c e  1945, and the ad-  

d i t i o n  of 2 x 1 0 ~  f t 3 / t o n  i s  assumed t o  reduce hydrocarbon inpu t s  by 1 .4x106 

~ t u / t o n .  E l e c t r i c i t y  i n p u t s  i n c r e a s e  by 143 kWh/ton when t h i s  op t ion  is  used. 

( 3 )  Nominal e l e c t r i c i t y ,  steam (ne t  use minus by-product steam ou tpu t ) ,  use 

of 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 

t on  f i g u r e s  a r e  a s  repor ted  by Thermo E lec t ron   or^.,^ p. 4-7. ( 4 )  Labor and 

maintenance c o s t s  a r e  a s  repor ted  by Russe l l  and ~ a u ~ h a n . ~  (5 )  Offgas ,  

oxygen and waste hea t  numbers a r e  a s  repor ted  by the  Ford Foundation. 27 

Table 6 g ives  t he  d a t a  i n  the  morl~l applying to  the open-hearth furnace ,  

w i t h  the  da t a  sources .  

New investment i n  open h e a r t h s  is allowed i n  the model a t  a cos t  of 

$36/ ton  yea r ly  capac i ty  ( E P A , ' ~  Vol. 2 ) .  Ea r ly  and average open hea r th s  can 

be converted t o  Q-BOPS a t  a c o s t  of $12.50/ton (Thermo Elec t ron  carp., p. 

5-29) assuming the c o s t  of a Q-BOP i s  a s  repor ted  by E P A , ~ ~  Vol. 2. 

P. Q-BOP S t e e l  Furnaces 

A 11cw proccoo c a l l e d  the 9-basic oxygeu process ( Q - B ~ P )  had a worldwide 

c a p a c i t y  of 19 m i l l i o n  t ons /y r  i n  1973, of which n e a r l y  9 m i l l i o n  tons was i n  

t h e  U. S. (Thermo E l e c t r o n  C ~ r p . , ~  p. 5-32).  

The d i f f e r e n c e  between t h e  Q-BOP and the BO processes  is  t h a t  oxygen is  

blown i n  a t  t he  t uye re s  l oca t ed  a t  the  bottom of the Q-B3P furnace .  Other 

no t ab l e  d i f f e r e n c e s  a r e  a s  fol lows:  



Table 6 

Open-Hearth Options 
- - 

Ear ly  Ear ly  Average Average Best Best 
av. sc rap  high s c r ap  av. s c r ap  high s c r ap  av. s c r ap  high s c r ap  

Inves t .  c o s t ,  n e w  ( $ ) / t o n  - - - - 36.000 36.000 
Re f r ac to ry  ( l b ) +  40.000 40.000 40.000 40.000 40.000 40.000 
 lux ( tons:j4 0.047 0.047 0.047 0.047 0.047 0.047 
Lime ( tons:14 0.013 0.01 3 0.01 3 0.01 3 0.013 0.013 

I 0.101 0.010 0.010 0.010 0.010 0.010 
h, 
4 0.510 0.750 0.510 0.750 0.510 0.750 

I 
1.200 1.200 1.200 1.200 2.000 2.000 

-0.610 -0.610 -0.610 -0.610 -0.610 -0.610 
2.5 2.7 2.5 2.7 1.1 1.3 

E l e c t r i c i t y  ( l o 3  0.014 0.014 0.014 0.014 . 0.028 0.028 
Labor (man-hours) 0.672 0.672 0.672 0.672 0.672 0.672 
Oper. + n a i n t .  ($)15, 19.260 19.260 19.260 19.260 19.260 19.260 
Waste hea t  ( l o 6  Btu)' -3.600 -3.600 -2.600 -2.600 -1.300 -1.300 
Home scrap  ( ton;)2 - -0.059 -0.050 -0.050 -0.050 -0.050 -0.050 
S t e e l  furnace  o f f g a s  ( l o 6  Btu)? 0.000 0.000 -0.100 -0.100 0.000 0.000 
Coke oven o f fgas  ( l o 6  ~ t u ) ~  0.760 0.760 0.760 0.760 0.760 0.760 
Pig i r o n  ( tons) '  ( see  t e x t )  0.620 0.380 0.620 0.380 0.620 0.380 
Cost ( $ 1  2.490 2.490 1.490 1.490 0.000 0.000 



1. The Q-BOP h o t  meta l  y i e l d  i s  2% higher  because of less s p i l l a g e .  

2. The Q-BOP has a  lower c a p i t a l  cos t  because it has fewer overhead 

s t r u c t u r e  requirements .  

3. Q-BOP p r o d u c t i v i t y  i s  10% higher .  

4. The Q-BOP p roces s  consumes more energy per ton of raw s t e e l  because 

i t  r e q u i r e s  an a d d i t i o n a l  168,000 Btu of n a t u r a l  gas.  per ton (Thermo Elec t ron  

~ o r p . , ~  p. 5-32). 

The input  va lues  i n  Table 7  r e f l e c t  t he  above adjustments  t o  the  input  

f i g u r e s  f o r  the  Q-BOP nominal ope ra t i ng  va lues .  One. energy conserving opt i o n ,  

t h e  i n s t a l l a t i o n  of o f f g a s  recovery hoods, i s  included '  i n  t h e  model. It per- 

m i . t . s  the  reclamation of 42U.UUU Btu o i  o f f g a s  per ' eon of s r e e l  at: a c u s ~  "1 

$5.00/ ton annual c a p a c i t y  ( ~ h e r m o  Elec t ron  carp., ' p. 6-24; USCS, I!' pp. 

69-74). New Q-BOP c a p a c i t y  can be purchased a t  $20/ ton ,  and old open-hearth 

Table 7 
Q-Basic Oxygen Options 

Normal With hood f o r  
ope ra t i on  o f f  gas  recovery . 

Capaci ty  ( l o 3  t o n s / y r )  
I nves t .  c o s t ,  ncw ( $ ) / t o n  
Re f r ac to ry  ( l b I 4  
Flux ( t o n s )  4 

Lime (tons)'  
~ e f r s a l l o y  ( cons)4 
Scrap ( t o n s )  4 
Oxygen ( l o 3  f t 3 )  
Nitrogen (10 f t  )4 
Steam ( l o 6  ~ t u ) ~  
Residual  ull (10' R L U  

E l e c t r i c i t y  ( l o 3  kwh) 
Labor (man-hours) 9 

1 
oner. + nainr.  ($2; 
Home sc r ap  ( t o n s )  
Waste h e a t  ( l o 6  J3tu)" 
S t e e l  furnace  o f t g a s  ( l o 6  Btu12' 
Plg I L W ~ I  (loris) 4 
Cost ( $ )  

0.000 
25.000 
13.000 

0.013 
0.075 
0.010 
0.320 
1.700 

40.000 
0.020 
0.368 
0.030 
0.200 
3.570 

-0.050 
-0.370 
-0.420 
. n. snn 
0.000 



c a p a c i t y  can he r e t r o f i t t e d  at  $12.50/ ton annua l  c a p a c i t y ,  according t o  Thermo 

E l e c t r o n  C ~ r p . , ~  p. 5-29. 

Tab le  7  g i v e s  t h e  Q-BOP o p t i o n s  i n  the  model, w i t h  t h e  sources .  

G. Bas ic  Oxygen Furnaces  

The b a s i c  oxygen fu rnace  is v e r y  d i f f e r e n t  from t h e  open-hear th  fu rnace .  

It (BOP o r  BOF) is  a pear-shaped v e s s e l  which a t  t h e  beginning of i t s  c y c l e  i s  

t i l t e d  at a  45O a n g l e  f i r s t  t o  accommodate a  s c r a p  charge (up t o  302 of t h e  

charge)  and then  t o  r e c e i v e  t h e  molten pig  i r o n  charge .  A f t e r  t h e  l a d l e  is  

tu rned  u p r i g h t ,  h igh  p u r i t y  oxygen i s  i n j e c t e d  by means of a  water-cooled 

l a n c e  l o c a t e d  at  t h e  top  of the  v e s s e l .  V i t h  t h e  mel t  mainta ined a t  2500° t o  

2 9 0 0 ° ~ ,  chemical  r e a c t i o n s  t a k e  p l a c e ,  a f t e r  which t h e  molten s t e e l  is poured 

i n t o  t r a n s f e r  cars f o r  t r a n s p o r t a t i o n  e i t h e r  t o  an  i n g o t  pour ing p l a t f o r m  o r  

t o  a con t inuous  c a s t i n g  machine. The tremendous advantage of the  b a s i c  oxygen 

fu rnace  i s  i t s  t o t a l  c y c l e  t ime of  45 min; t h i s  r e s u l t s  i n  t o t a l  c o s t  s a v i n g s  

of 12 t o  15% o v e r  t h e  open h e a r t h  d e s p i t e  h igher  m a t e r i a l  c o s t s  ( ~ a k e l a , ~ ~  p .  

7 ) .  With b a s i c  oxygen f u r n a c e s  r e p l a c i n g  open h e a r t h  a t  a  r a p i d  r a t e  and w i t h  

t h e  l i m i t a t i o n s  on t h e  amount of s c r a p  t h a t  can he charged i n t o  a BO f u r n a c e ,  

i n t e g r a t e d  p l a n t s  a r e  r e l y i n g  on t h e  e l e c t r i c - a r c  fu rnace  t o  p rocess  t h e  

e x c e s s  sc rap .  The p r e v a i l i n g  c h a r a c t e r i s t i c s  of the  b a s i c  oxygen fu rnace  a r e  

as f o l l o w s :  

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  product ion i n  1965 t o  

55.5% i n  1973 ( c a u s i n g  a  d e c r e a s e  from 3.2 t o  2 . 3 ~ 1 0 ~  Btu per ton of raw s t e e l  

due t o  Btu saved i n  t h e  s w i t c h  from open h e a r t h ) .  

2. Cycle t ime of  45 min., 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  o f  

o u t p u t  per u n i t  c a p i t a l  compared wi th  Open hear  t l i .  

3. B e t t e r  c a p a b i l i t y  f o r  o f f g a s  c a p t u r e  i n  hoods, g i v i n g  s a v i n g s  o f  

750,000 Btu per  ton  of raw s t e e l .  

A s  i n  t h e  c a s e  of o t h e r  equipment,  d i f f e r e n t  v i n t a g e s  of ROPs have d i f -  

f e r e n t  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 )  

s m a l l  i n s t a l l a t i o n s  b u i l t  b e f o r e  1961, of which u n i t s  wi th  a m i l l i o n  t o n s / y r  
\ 

c a p a c i t y  a r e  s t i l l  o p e r a t i n g ;  ( b j  u n i c s  bu l lL  d u ~ i t i g  1961 t o  1968, having 54 

m i l l i o n  t o n s / y r  c a p a c i t y ;  ( c )  u n i t s  b u i l t  s i n c e  1968, w i t h  15 m i l l i o n  t o n s / y r  

31 .I-..--. c a p a c i t y  . 
S e v e r a l  energy s a v i n g  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. 



.- - 

T a b l e  8 
Rasic  Oxygen Opt ions  

E a r l y  
GO rmal 

av.  s c r a p  

h e r  age  Average 
p rehea ted  p rehea ted  
h i g h  s c r a p  av.  s c r a p  

Ahyerage 
p rehea ted  
low s c r a p  

Averase 
n o m l  

av.  s - r a p  

I n v e s t .  c o s t ,  r e t r o .  ( $ ) / t o n  
I n v e s t .  c o s t ,  new ( $ ) / t o n  
R e f r a c t o r y  ( 1b14 
F lux  ( t o c s )  4 

I Lime ( t o r ~ s )  
4 

F e r r o a l l c y  ( o n s )  E 
4 

o Scrap  ( t a n s )  
I Oxygen (103 f t 3 ~ 4  

Ni t rogen  k l 0  f t  l4 
Steam (10 Btu b3 Res id .  o i l  (10  Btu:14 
E l e c t r i c i t y  ( l o 3  
Labor (man-hours) 9 
Oper . + rnaint . 
Waste h e a t  ( l o 6  ~ t u ,  
Home s c r a p  ( t o n s )  3 
S t e e l  f u r n a c e  of f g a s  

( l o 6  ~ t u ) ~  
P i g  i r o n  ( t o n s )  4 
Cost  ($1 

0. OOC 
0.800 
1.330 

Average 
normal 

low s c r a p  

- 

Best Best  
p rehea ted  p rehea ted  
h i g h  s c r a p  av.  s c r a p  

7.500 7.500 
35.000 35.000 
13.000 13.000 

0.013 0.01 3 
0.075 0.075 
0.010 0.010 
0.450 0.320 
1.900 1.900 

40.000 40.000 
0.040 0.040 
0.200 0.200 
0.030 0.030 
0.280 0.280 
3.570 3.570 

-0.370 -0.370 
-0.050 -0.050 



Table  8 ( c o n t  .) 

E-est Best  Best  Average Average Best  B e s t  
P rehea ted  normal no m a 1  hooded hooded hooded hooded 
low s c r a p  av. s c r a p  low s c r a p  av. s c r a p  low s c r a p  av. s c r a p  low s c r a p  

I n v e s t .  c o s t ,  r e t r z ~ .  ( $ ) / t o n  
I n v e s t .  c o s t ,  new : $ ) / t o n  
R e f r a c t o r y  & l b 1 4  
F lux  ( t o n s )  
Lime ( t o n s )  4  

I F e r r o a l l o y  ( t o n s ) 4  
W 
P 

I 

E l e c t r i c i t y  ( l o 3  
Labor (man-hour s lS 
Oper. + main t .  ($1' 
Waste h e a t  ( l o 6  B ~ U ) ~ ~  
Home s c r a p  ( t o n s )  ' 
S t e e l  f u r n a c e  o f f g a s  

( l o 6  ~ t u ) ~  
P ig  i r o n  ( t o n s ) 4  
Cost  ( $ )  



BOF o f f g a s  hoods have long been recognized a s  a  pos s ib l e  means of energy 

conserva t ion .  This  o f f g a s ,  whose q u a l i t y  is  i n  t h e  250 t o  3 0 0 x 1 0 ~  ~ t u / f t ~  

range ,  could he u t i l i z e d  by o the r  processes .  For an investment cos t  of 

$5.00/ton BOF y e a r l y  c a p a c i t y ,  an es t imated  420,000 Btu/yr can be saved with 

t h i s  op t ion  ( U S G S , ~ ~  p. 70).  Curren t ly ,  9.8 m i l l i o n  tons of BOF capac i ty  have 

such hoods i n s t a l l e d ,  with an a d d i t i o n a l  5.8 m i l l i o n  expected by 1980. 31 

The p o s s i b i l i t y  of i nc reas ing  the  maximum sc rap  charge t o  the  BOF by 

s c r a p  p rehea t e r s  has  been explored a s  a  method of u t i l i z i n g  the  same BOF o f f -  

ga se s .  This  would al low i n t e g r a t e d  mills to  r e t i r e  t he  open hea r th s  without 

havir~g to  b u i l d  new e l e c t r i c - a r c  furnaces  t o  handle the home scrap .  Such pre-  

h e a t e r s  can i n c r e a s e  ROF sc rap  charges from 0.32 t o  0.45 tons/con of s t e e l  us- 

i ng  on ly  t he  o f f g a s e s  saved by the recovery hoods. (Thermo Elec t ron  Corp., 3  

p. 5-26). Est imated c o s t s  For t h i s  op t ion  a r e  $2.50/ton yea r ly  capac i ty .  No 

ope ra t i ng  s c r a p  prehea 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  wtth such devices  is l imi t ed  i n  the model to  BOFs 

cons t ruc t ed  s i n c e  1968. The model a l lows cons t ruc t ion  of new BOF f a c i l i t i e s  

w i th  these  op t ions ;  t h e  cos t  of a  new BOF is  assumed to  be $25/ton of annual 

c a p a c i t y  ( E P A , ' ~  Vol. 2 ) .  

Each BOF v i n t a g e  has  a d i f f e r e n t  s e t  of opera t ing  opt ions .  Those b u i l t  

be fo re  1961 have only  one mode of ope ra t i on  t o  r e f l e c t  the  l im i t ed  v e r s a t i l i t y  

of t he se  e a r l y  p l a n t s :  t h a t  given by I I a l l  e t  a1. , 4  p .  71, f o r  the  non-energy 

i n p u t s ,  and t h a t  g iven  by Thermo Elec t ron  Corp., p. 4-6, f o r  the energy i l l -  

pu t s .  Tl~e l a t e r  two v in t ages  have th r ee  op t ions :  a  low scrap  opt ion  (100% 

pig i r o n  charge) ,  a  nominal s c r a p  op t ion  (0.32 tons / t on ) ,  and, with the s c r ap  

p rehea t e r  i n s t a l l e d ,  a  h igh  sc r ap  option (0-45 t ons / t on ) .  These two v in tages  

can a l s o  be r e t r o f i t t e d  with hoods t o  cap tu re  the  offgases.  IF Lhe f a c i l l r i e s  

wi th  s c r ap  preheat  i n s t a l l a t i o n s  a r e  operated a t  nnminal or  low scrap ~ h a r g e s ,  

i t  is  assumed t h a t  t h e  420,000 Btu recovered f o r  s c r ap  preheat  can he used 

elsewhere i n  the  mill. 

Table 8 g i v e s  t he  model d a t a  and d a t a  sources  f o r  each BOF op t ion .  

H. E l e c t r i c  Arc Furnaces 

The t reatment  of e l e c t r i c - a r c  furnaces  i n  the  model I s  r e l a t i v e l y  simple.  

Two v in t ages  a r e  i d e n t i f i e d :  pre-1945 and post-1945 ( E P A , ~ ~  Vol. 1 ) .  The 

e a r l y  ones can produce both carbon and a l l o y  s t e e l ,  and the l a t e r  ones can 

produce carbon, a l l o y ,  and s t a i n l e s s  s t e e l .  An op t ion  i s  a v a i l a b l e  t o  use the  



s e n s i b l e  hea t  i n  t he  o f fgases  t o  preheat  the  s c r ap  charge f o r  carbon s t e e l  

only and thus reduce e l e c t r i c i t y  consumption by 15%. Equipment f o r  t h i s  can 

be r e t r o f i t e d  on post-1945 fu rnaces  and on a l l  new furnaces;  t h e  cos t  i s  as- 

sumed t o  be $5.00 per ton of y e a r l y  capac i ty .  New e l e c t r i c - a r c  capac i ty  i s  

a v a i l a b l e  i n  t he  model a t  a  c o s t  of $25.00/ton ( E P A , ' ~  Vol. 2 ) .  

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

of t he  equipment and the  type of s t e e l  manufactured. Nominal e l e c t r i c i t y  con- 

sumption, along with a l l  o t h e r  i npu t s ,  i s  taken from Hal l  e t  a1. , 4  p. 72; t he  

r a t e  of 525 kWh/ton is achieved with pre-1945 v i n t a g e  e l e c t r i c  a r c s  producing 

carbon steel,  and it i n c r e a s e s  t o  740 kWh/ton ( ~ o r d , ~ ~  p. 451) with the  same 

v i n t a g e  furnaces  producing a l l o y  and s t a i n l e s s  steel.  E l e c t r i c i t y  consumption 

f o r  t he  newer, more e f f i c i e n t  furnaces  is  assumed t o  be 10% lower. 

A l l  t he se  da t a ,  with sources  a r e  summarized i n  Table 9 .  

Since e l e c t r i c  a r c s  a r e  used a l s o  i n  mini-mil ls ,  the  capac i ty  a v a i l a b l e  

i n  1975 ( 28 m i l l i o n  tons)  must be a l l o c a t e d  between in t eg ra t ed  rni.11~ and 

mini-mil ls .  The only r e f e r ence  t o  mini-mill  e l e c t r i c - a r c  capac i ty  is given by 

Thermo E lec t ron  Corp. ,3 pp. 3-7 and 1-2, where a  capac i ty  of 24 m i l l i o n  tons 

i s  i n f e r r e d .  The model t h e r e f o r e  assumes only  4  m i l l i o n  tons of e l e c t r i c  arc-  

c a p a c i t y  a v a i l a b l e  a t  i n t e g r a t e d  m i l l s ,  a r b i t r a r i l y  ass igned a s  1.8 m i l l i o n  

tons  of pre-1945 v i n t a g e ,  2  m i l l i o n  post-1945, and 0.2 m i l l i o n  post-1945 wi th  

hoods. 

I. Cas t ing ,  Forming, and F i n a l  F in i sh ing  

Because var ious  a l l o y s  a r e  added during the  steelmaking process ,  the  

model must d i s t i n g u i s h  between t h r e e  types  of steel: carbon, a l l o y ,  and 

s t a i n l e s s .  A l l  steel furnaces  can manufacture carbon steel,  buL i t  is 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 ,  and only BOFs and 

e l e c t r i c  a r c s  can produce a l l o y s .  (This  is not  s t r i c t l y  t r u e ,  s i n c e  open 

h e a r t h s  produced about  117 of the  t o t a l  a l l o y  s t e e l  made i n  1976, A I S I , ~ ~  p. 

53 .) The treatment i n  the  model of carbon s t e e l ,  a l l o y ,  and s t a i n l e s s  pro- 

duc t ion  is descr ibed  below. 

1. Carbon S t e e l .  Af te r  the hot  metal l eaves  the  s t e e l ~ m k i n g  furnaces ,  

two major processes  remain ( i )  c a s t i n g  and forming and ( i i )  f i n a l  f i n i s h i n g .  

Two op t ions  a r e  a v a i l a b l e  f o r  t he  c a s t i n g  and forming s t age  i n  t he  in te -  

g r a t ed  m i l l  model. 



Table 9 
E l e c t r i c  Arc Options 

- 

Average Rest Average Best Best Average 
normal normal normal normal normal hooded 

carbon carbon a l l o y  a l l o y  s t a i n l e s s  carbon 

I n v e s t .  c o s t ,  new ( $ ) / t o n  28,000 28.000 28.000 28.000 28.000 33.000 
Re f r ac to ry  t l b l 4  26.000 26.000 26.000 26.000 26.000 26.000 
Flux ( t o n s )  0.015 0.015 0.015 0.015 0.015 0.015 
Lime ( tons) '  0.030 0.030 0.030 0.030 0.030 

4 
0.030 

F e r r o a l l o y  ( t o n s )  
4 

0.000 0.000 0.010 0.010 0.010 0.000 
Scrap  ( t o n s )  1 . 1 0  1.100 1.100 1.100 l.lOU 1.100 
mvgen (10' f t -3  2 0.250 0.250 0.240 U.ZbU 0.250 0.250 
Plecfrodco ( l b )  12.000 12.00U 12.U00 12.000 12.000 12.000 
Res idua l  o i l  ( l o 6  ~ t u  0.100 0.100 0.100 0.100 0.100 0.100 
E l e c t r i c i t y  (103 bwh)L27 ,29  0.525 0.475 0.740 0.660 0.660 0.43 
Labor .(man-hours) 0.810 0.640 0.810 0.640 0.640 0.810 
Oper. + rnaint . ( $ ) I 5  18.470 18.470 18.470 18.470 18.470 18.470 
Waste heat ( l o 6  ~ t u )  -0.050 -0.050 -0.050 -0.050 -0.050 -0.020 
Home s c r a p  ( t ons )15  -0.050 -0.050 -0.050 -0.050 -0.050 -0.050 
S t e e l  furnace o f f g a s  ( l o 6  Btu14 0.000 0.000 0.000 0.000 0.000 -0.030 
Cost ($1 1.200 1.200 1.200 0.000 0.000 1.200 

Table 10 
In t eg ra t ed  Indus t ry  Cast ing Options 

Cont. CouL. eonc . Lont . 
Soak c a s t  c a s t  casL c a s t  Soak Soak 
p i t  b i l l e t s  s l a b s  b i l l e t s  b i l l e t s  p i t  p i t  
carbon carbon carbon s t a i n l e s s  a l l o y  s t a i n l e s s  a l l o y  

- 

I n g o t ~ a s t i n g ( t o n s ) ~  1.020 - - - - 1.020 1.020 
Coke oven o f fgas  

( l o 6  R ~ U )  0.000 - - - - - - 
CaLLu1~ I ~ o t  mecal ( tons)"  - 1.040 1.040 - - - - 
S t a i n l e s s  hot  metal  

( LULLS) - - - 1.040 - - - 
Alloy ho t  metal  ( t o n s )  - - - - 1.040 - - 
Home scrap    tons^^,^ -0.020 -0.040 -0.040 -0.040 -0.040 -0.020 -0.020 
D i s t .  o i l / g a s  (!06 Rt ) 4  1.57 0.510 0.610 0.510 0.510 1 57 1 - 5 1  
E l e c t r i c i t  (10 '  kWh)' - 0.015 .y 0.025 0.015 0.015 - - 
Oxygen (10 f t 314  - 0.560 0.750 0.560 0.560 - - 
Labor (man-hours13, l5 0.09 0.0990 0.990 0.990 0.990 - - 
Oper. + maint.  ( $ 1 ~ 3 ~ ~  1.91 2.470 22.210 2.470 2.470 - - 
Resid.  o i l  ( l o 6  Btu14 1.57 0.510 0.610 0.510 0.510 1.57 1.57 - 



a .  In  continuous c a s t i n g ,  the hot  metal from the s t e e l  furnaces  i s  c a s t  

d i r e c t l y  i n t o  b i l l e t s  o r  s l a b s  (bloom cont inuous c a s t i n g  is  not now a v a i l a b l e  

a s  an op t ion)  without l o s s  of the s e n s i b l e  hea t .  Capacity was 14 m i l l i o n  tons 

i n  1972. (EpA,15 Vol. 1 ,  p. A-5). 

b. For ingot  c a s t i n g ,  t he  hot  metal i s  allowed to  cool  and is  reheated 

i n  soaking p i t s  (u sua l ly  without  r ecupe ra to r )  (Thermo Elec t ron  carp. p. 4-17) 

wi th  use of o f fgases  generated i n  p r i o r  s t a g e s  of product ion;  i t  i s  then 

broken 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  f o r  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  (A.D. ~ i t t l e  ,11 p. IX-3). 

Not a l l  s t e e l  can be made by cont inuous c a s t i n g  ( i n  p a r t i c u l a r ,  rimmed 

low carbon s t e e l s )  (Thermo E lec t ron  carp., pp. 5-35, 36).  Curren t ly  (1974)  

cont inuous c a s t i n g  accounts  f o r  only 7% ( E P A , ~ ~  Vol. 1,  p. A-24) of domestic 

product ion ,  even though c a p a c i t y  i s  much l a r g e r .  According to  A. D. ~ i t t l e  , I1  

p. VII-2, the  technology i s  a l r eady  a v a i l a b l e  f o r  cont inuous c a s t i n g  50% of 

s t e e l  ou tput .  It i s  reasonable  to assume t h a t  the  technology w i l l  be develop- 

ed t o  a l low cont inuous c a s t i n g  of a l l  forms of s t e e l  wi th in  t h e  model's plan- 

ning horizon.  Costs  of new capac i ty  a r e  $65 per ton of y e a r l y  c a p a c i t y  f o r  

b i l l e t s  and blooms and $47 f o r  s l a b s .  (EpA,15 Vol. 2, e x h i b i t  6 ) .  

Table 10 g ives  the input  c o e f f i c i e n t s ,  with r e f e r e n c e s ,  f o r  ope ra t i on  and 

c a p a c i t y  expansion of the  two a l t e r n a t i v e  c a s t i n g  and forming processes .  

Semi-finishing (pr imary ho t  r o l l i n g )  i s  required f o r  the po r t i on  of s t e e l  

product ion t h a t  i s  ingot -cas t  and placed i n  soaking p i t s ,  but  not f o r  continu- 

ous ly  c a s t  s t e e l .  Table 11 g ives  the c o e f f i c i e n t s  a s soc i a t ed  w i t 1 1  semi-fin- 

i s h i n g  f o r  s l a b s ,  b i l l e t s ,  and blooms. 

Table 11 
In t eg ra t ed  Indus t ry  Semi-Finishing Options 

- - -- - - -- 

Stain-  
Carbon Carbon Carbon Alloy l e s s  
blooms s labs15  b i l l e t s 1 '  b i l  l e t s  b i l l e t s  

Capaci ty ( l o 3  t u ~ ~ s / y r )  31 050.000 801 50.000 442 60.000 - - 
Inves t .  c o s t ,  new ( $ ) / t o n  48.000 47.000 103.000 - - 
Soaking p i t  ( carbon) ( t ons )  1.160 1.160 1.160 1.25 1.25 
Home s c r a p  ( t o n s )  -0.160 -0.160 -0.160 -0.25 0.25 
E l e c t r i c i t y  ( l o 3  kwh) 0.020 0.038 0.028 0.028 0.028 
Labor (man-hours) 0.380 - 0.830 0.830 0.830 
Oper. + maint.  ( $ )  4.380 3.490 9.400 9.400 9.400 



The f i n a l  f i n i s h i n g  of s t e e l  i s  accomplished i n  two s t eps  i n  the  model: 

(1 )  t he  r ehea t  s t e p ,  i n  which the  blooms, s l a b s ,  and b i l l e t s  a r e  r a i s e d  t o  

1 5 0 0 ' ~  by burning n a t u r a l  gas or  o i l  so t h a t  they can be f u r t h e r  r o l l e d  or  

m i l l e d  i n t o  f i n i s h e d  products ,  and (2)  the  f i n a l  f i n i s h i n g ,  i n  which blooms 

a r e  r o l l e d  and mi l led  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 mi l led  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 mi l led  i n t o  seamless pipes  and tubes,  wi res ,  ba r s ,  

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

Two op t ions  a r e  a v a i l a b l e  f o r  the  r ehea t ing  s t e p :  ( a )  pusher-type re- 

hea t  furnaces  equipped wi th  r ecupe ra to r s  t o  prehea t  the  a i r  t o  1000°F, and (b) 

monoboam fu rnaces ,  still uuder develapmcnt, which can reduce flip1 rnns1.1rnption 

by 10 t o  15%. Table 12 g ives  the  d a t a  f o r  the  r ehea t ing  opt ion ,  with sources.  

CurreuL capacirles (pusher  p lus  moving beam) a r e  assumed t o  be 105, 50, 

and 45 m i l l i o n  tons /yr .  (A. D. ~ , i t t l e ,  l l p. IX-3). No product ion f a c i l i t i e s  

u t i l i z i n g  t h e  monobeam rehea t  furnace are i n  operat ion.  Capacity expans ion  

c o s t s  i n  1976 a r e  $9.42/ton f o r  t he  pusher type furnace and $7.27/ton f o r  t he  

monobeam ( A I S I , ~  p. 122). R e t r o f i t  c o s t s  a r e  s u b s t a n t i a l l y  lower (A.D. 

L i t t l e ,  l l p. IX-7). 

The f i n a l  f i n i s h i n g  of steel i s  d i s t i ngu i shed  by high sc rap  l o s s e s  f o r  

bloo~ns,  b i l l e r s ,  and s l abs .  Table 13 g ives  the  d a t a  and sources.  Addit ional  

c a p a c i t y  is a v a i l a b l e  a t  c o s t s  of $332, 127, and 194 per  ton of year ly  capac- 

i t y  f o r  blooms, s l a b s ,  and b i l l e t c  r e s p e c t i v e l y  (EPA, l5  Vol. 2, e x h i b i t  b). 

Some 30 m i l l i o n  tons lyr .  ( 50% of s l a b  product ion)  of s t e e l  products a r e  

annea led ,  mainly co ld- ro l led  s l a b  products ;  t h i s  r e q u i r e s  1.5 x l o6  Rtu per 

t o n  of product (A.D. ~ i t t l e , l l  p. IX-22). To r e f l e c t  t h i s  use without f u r t h e r  

complicat ing the  model, i t  i s  assumed t h a t  a11 s l a b s  a r c  annealed a t  0.75 x 

l o6  ~ t u / t o n  r a t h e r  than half of t h ~ m  a t  1.5 x lo6. 

2. Alloy and S t a i n l e s s  S t ee l .  The model a l lows s t a i n l e s s  and a l l o y  

s t e e l  b i l l e t s  t o  be made by cont inuous c a s t i n g  or  ingot  cas t ing .  The pro- 

c e s s e s  a r e  t h e  same a s  i n  t he  case  of carbon s t e e l :  the  da t a  i n  Tables 10 t o  

13 do not  d i f f e r  from those f o r  carbon s t e e l ,  and the  re fe rences  a r e  the same. 



--- 
Table  12 

I n t e g r a t e d  I n d u s t r y  Reheat ing Opt ions  

Moving Moving Moving .Pusher . Pusher  
beam beam be am t y p e  t y p e  

carbon carbon ca rbon  c a r b o n  ca rbon  
b i l l e t s  s l a b s  blooms b i l l e t s  s l a b s  

C a p a c i t y  ( l o 3  t o n s ~ ~ r ) ~  
I n v e s t .  c o s t ,  new ( $ ) / t o n 2  
Semi-f i n i s h e d  c a r b o n  ( t o n s ) 2  
Home s c r a p  ( t o n s )  2  
~ i s t .  o i l / g a s  ( l o 6  ~ t j ) 2  
E l e c t r i c i t y  ( l o 3  
Steam ( l o 6  ~ t u ) ~  
R e s i d u a l  o i l  ( l o 6  ~ t u ) ~  

Pusher  Pusher  Pusher Moving Moving 
t y p e  t y p e  t y p e  beam beam 

ca rbon  a l l o y  s t a i n l e s s  a l l o y  s t a i n l e s s  
blooms b i l l e t s  b i l l e t s  b i l l e t s  b i l l e t s  

C a p a c i t y  ( l o 3  t o n s ~ ~ r ) ~  
I n v e s t  . , c o s t ,  new ( $ ) / t o n 2  
Semi-f i n i s h e d  c a r b o n  ( t o n s ) 2  
Semi - f in i shed  a l l o y  ( t o n s )  
Semi-f i n i s h e d  s t a i n l e s s  

( t o n s )  
Home s c r a p  ( t o n s )  2  

D i s t .  o i l / g a s  ( l o 6  Btu12 
E l e c t r i c i t y  ( l o 3  
Steam (106 ~ t U ) 3  
Res idua l  o i l  ( l o 6  ~ t u ) ~ ,  

*Shares  c a p a c i t y  w i t h  ca rbon  b i l l e t s  

~ - - 

Table  13 
I n t e g r a t e d  I n d u s t r y  F i n a l  F i n i s h i n g  Opt ions  

- .. . . .. .... .. -. - . 

Carbon Carbon Carbon A l l o y  S t a i n l e s s  
b i l l e t s 1 5  s l a b s 1 5  blo6ms15 b i l l e t s  b i l l e t s  

C a p a c i t y  ( l o 3  t o n s ~ ~ r ) ~  47,000 110,000 15,360 * * 
I n v e s t .  c o s t ,  new ( $ ) / t o n  ' 194.000 127.000 332.000 - - 
Reheated ca rbon  ( t o n s )  1.130 1.280 1.200 - - 
Reheated a l l o y  ( t o n s )  - - - 1.13 - 
Reheated s t a i n l e s s  ( t o n s )  - - - - 1.17 
Home s c r a p  ( t o n s )  -0.130 -0.280 -0.200 , -0.13 -0.13 
E l e c t r i c i t y  (103 kwh) 0.120 0.250 0. 1 70 0,12 0.12 
Labor (man-hours) 2.080 2.360 0.370 2.08 2.08 
Oper. + m a i n t .  ( $ )  - - - 27.14 27.14 
Res id .  o i l  ( l o 6  ~ t u )  - 0.75 - - - 
D i s t .  o i l / g a s  ( l o 6  Btu) - 0.75 - - - 
Steam ( l o 6  ~ t u )  1.100 1.100 1.10 1.10 1.10 

'Shares c a p a c i t y  b i t h  r.arbon b i l l e t s  



111. THE MINI-MILL INDUSTRY MODEL 

Non-integrated m i l l s  o r  mini-mills use s t e e l  s c r ap  o r  d i r e c t l y  reduced 

o r e  a s  feeds tock ,  but  the  s c a r c i t y  of o r e s  of h igh  i r o n  conten t  has kept m i l l s  

depending on t h e  l a t t e r  from f l o u r i s h i n g .  Mini-mills account f o r  17% of U. S. 

c a p a c i t y  (Thermo E l e c t r o n  Corp., p. 1-2,) and the r a t i o  of mini-mil ls  t o  in- 

t e g r a t e d  m i l l s  seems t o  be growing because of improved technologies  f o r  pre- 

par ing  and smelt ing steel sc rap  and f o r  using 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 i n t e g r a t e d  t o  mini-mills i s  t h a t  processing waste s c r a p  

r a t h e r  than i r o n  o r e  may conserve l a r g e  amounts of f u e l .  S p e c i f i c a l l y ,  t o  

produce a ton  of s t e e l  from s t e e l  s c r ap  r e q u i r e s  about ha l f  a s  much fuel as t n  

produce i t  from i r o n  o re .  

The m d i l  d l luws two rypes o t  s t e e l ,  carbon and a l l o y ,  t o  be produced a t  

min i -mi l l s  but . o n l y  one type of product ,  b i l l e t s .  The f i r s t  phase of mini- 

m i l l  s teelmaking,  t h e  e l e c t r i c - a r c  furnace ,  has two op t ions :  ( a )  a  100% s c r a p  

charge ,  l i k e  t h a t  used i n  e l e c t r i c  a r c s  i n  i n t eg ra t ed  m i l l s ,  and (b) a charge 

of 30% d i r e c t l y  reduced i r o n  ore  and 70% sc rap  on the  b a s i s  of Fe conten t .  

Da ta - fo r  the d i r e c t  redLct ion  of o r e  f o r  the mini-mill  ( t h e  SL/RN process )  

p l u s  t h e  two charge op t ions  f o r  t he  e l e c t r i c  a r c  are given i n  Table 14. 

The model a l lows t h e  carbon o r  a l l o y  ho t  metal to  be e i t h e r  ( a )  continu- 

o u s l y  c a s t  o r  (b )  c a s t  i n t o  i n g o t s ,  put i n  a  soaking p i t ,  and semi-finished. 

Data f o r  the two q J . . t e r n a t i v e ~  a r e  given i n  Tables  15 and 16. 'I'he sources  a r e  

t h e  same as those f o r  t h e  i n t e g r a t e d  m i l l .  

Tile mini-mill  passes  the semi-finished s t e e l  through e i t h e r  pusher type 

o r  monobeam rehea t  fu rnaces  i n  p repa ra t i on  f o r  f i n a l  f i n i s h i n g  (Table 17) and 

then through f i n a l  f i n i s h i n g  (Table  1.8). 

A s  mentioned i n  connect ion with i n t e g r a t e d  mills, the i n i t i a l  c apac i ty  of 

min i -mi l l s  i s  hard t o  determine.  Thermo E lec t ron  Corp. p. 1-2, impl ies  t h a t  

mini-mil l  e l e c t r i c - a r c  c a p a c i t y  is  about 24 m i l l i o n  t ons ,  the  number uccd i n  

t h i s  s tudy;  s i n c e  t h i s  i s  only an e s t i m a t e ,  i t  should be used cau t ious ly .  

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  tons ,  and t h e  

remaining c a p a c i t i e s  a r e  s e t  t o  s a t i s f y  the  e l e c t r i c - a r c  furnace  ou tput .  New 

c a p a c i t y  f o r  mini-mil ls  can be obtained a t  t he  same c o s t s  a s  f o r  i n t e g r a t e d -  

m i l l s .  



Table  14 
Mini-Mill  E lec  t r i c -Arc  Opt ions  

DR* o r e  DR* o r e  
Carbon Alloy carbon a l l o y  

Capac i ty  ( l o 3  t o n s ) 2  
I n v e s t .  c o s t ,  new ( $ ) / t o n  
R e f r a c t o r y  ( l b )  
F lux  ( t o n s )  
Lime ( t o n s )  
F e r r o a l l o y  ( t o n s )  
Scrap  ( t o n s )  
Oxygen (103 f t 3 )  
E l e c t r o d e s  ( l b )  
R e s i d u a l  o i l  ( l o 6  ~ t u )  
E l e c t r i c i t y  (103 kwh) 
Labor (man-hours) 
Oper. + main t .  ( $ )  , 

Waste h e a t  ( l o 6  ~ t u )  
Home s c r a g  ( t o n s )  
Steam (10 ~ t u )  
DR* o r e  ( t o n s )  

*DR s t a n d s  f o r  d i r e c t  r e d u c t i o n .  
**Capacity shared  w i t h  ca rbon  

Tab le  15 
Mini-Mill  C a s t i n g  Opt ions  

.-. 

Continuous c a s t i n g  Continuous c a s t i n g  
ca rbon  b i l l e t s  a l l o y  b i l l e t s  

C a p a c i t y  ( l o 3  t o n s ) 2  
Carbon ( t o n s )  
Al loy ( t o n s )  
Homescrap ( t o n s  4 E l e c t r i c i t s  ( 1 0  K W ~ ) .  
Oxygen (10 f t 3 )  
Labor (man-hours) 
Oper. + main t .  ($) 
R e s i d u a l  o i l  (10 ~ t u )  
D i s t i l l a t e  o i l / g a s  ( l o 6  Btu)  

*Capaci ty  shared  w i t h  ca rbon  



.- 

Table  16 
Mini-Mill  Semi-Finishing Opt ions  

Soak Semi- f i n .  Semi- f i n .  Soak 
p i t  ca rbon  a l l o y  p i t  

ca rbon  b i l l e t s  b i l l e t s  a l l o y  

C a p a c i t y  ( l o 3  t o n s ) 2  15,000 15,000 it * 
I n g o t  c a s t i n g ,  c a r b o n  ( t o n s )  1.02 - - 1.02 
Soaking p i t ,  c a r b o n  ( t o n s )  - 1.16 - - 
Soaking p i t ,  a l l o y  ( t o n s )  - - 1.16 - 
Home s c r a p  ( t o n s )  -0.02 -0.16 -0.16 -0.02 
Resid.  o i l  ( l o 6  Rtu)  1.57 - - 1.57 
D i s t .  o i l / g a s  ( l o 6  Btu) 1.57 - - 1.57 
E l e c t r i c i t y  ( l o 3  kwh) - 0.028 0.028 - 
Labor (man-hours) 0.09 0.830 0.830 0.09 
Opcr. + main t .  ($1 . ' 1.91 9.400 9.4UU 1.9i 

Table  17 
Mini-Mil l  Reheat  Furnace Opt ions  

Pusher  Pusher  Moving Moving 
t y p e  t y p e  beam be am 
a l l o y  ca rbon  ca rbon  a l l o y  
b i l l e t s  h i  1  l e t s  b i l l e t s  b i l l e t s  

C a p a c i t y  ( l o 3  t o n s ) 2  
Semi-f in ished a l l o y  ( t o n s )  
Semi- f i n i s h e d  ca rbon  ( t o n s )  
Home s c r a p  ( t o n s )  
Resid .  o i l  ( l o 6  Btu)  
D i s t .  o i l / g a s  ( l o 6  ~ t u )  
Steam ( l o 6  Btu) 

*Shared w i t h  ca rbon  

Tab le  18 
Mini-Mill  F i n a l  F i n i s h i n g  Opt ions  ---- 

Carbon Al lo  y 
b i l l e t s  b i l l e t s  

C a p a c i t y  (103 t o n s l 2  
F i n a l  f i n i s h i n g ,  carhon ( t o n s )  
F i n a l  f i n i s h i n g ,  a l l o y  ( t o n s )  
Hnme scrap   ton^) 
E l e c t r i c i t y  ( l o 3  kwh) 
Labor (,man- h o u r s )  
Oper. + main t .  ( $ )  

Steam ( l o 6  Btu)  

*Shared w i t h  ca rbon  



I V .  ELECTRICITY AND STEAM GENERATION 

The model inc ludes  43 op t ions  f o r  producing process  steam o r  cogenera t ing  

e l e c t r i c i t y  and process  steam. A l l  e x i s t i n g  b o i l e r s  a r e  assumed to  be nominal 

cogenera t ion  systems cogenera t ing  e l e c t r i c i t y  a t  the  1975 average power r a t e  of 

9.5 kWh/lo6 Btu steam while  e x i s t i n g  gas  t u r b i n e s  have waste hea t  b o i l e r s  

ope ra t i ng  a t  a  power r a t e  of  220 kWh/lo6 .Btu steam. Ex i s t i ng  systems inc lude  

c o a l ,  r e s i d u a l  o i l  and n a t u r a l  gas  b o i l e r s ,  a s  wel l  a s  gas  t u rb ines .  The 

i n t e g r a t e d  m i l l  op t ions  inc lude  the  pos s ib l e  use of b l a s t  fu rnace  gas  and coke 

oven gas  i n  a s s i s t i n g  the fo s s i l - fue l ed  b o i l e r s .  New low p re s su re  b o i l e r s ,  

bo i l e r l cogene ra t i on  sets and g a s  t u rb ines  with waste hea t  b o i l e r s  can be 

purchased f o r  expansion i n  e i t h e r  i n t eg ra t ed  m i l l s  o r  mini-mills.  These 

b o i l e r s  a r e  fue led  by c o a l ,  r e s i d u a l  o i l  o r  n a t u r a l  gas. The i n t e g r a t e d  m i l l  

has  the op t ion  of using b l a s t  furnace gas  o r  coke oven gas  t o  a s s i s t  a s  b o i l e r  

f u e l s .  The i n t e g r a t e d  m i l l  a l s o  inc ludes  high and low p re s su re  b o i l e r s  t h a t  

a r e  fue led  by o f fgases  only.  New and e x i s t i n g  gas  t u rb ines  can be fue led  by 

n a t u r a l  gas  o r  d i s t i l l a t e  o i l .  New gas  t u r b i n e s  i n  i n t eg ra t ed  m i l l s  can a l s o  

be fueled by coke oven gas .  New steam tu rb ine  topping equipment gene ra t e s  42 

kwh/lo6 Btu steam, new o i l  o r  gas - f i red  gas  t u r b i n e s  wi th  bottoming c y c l e s  

genera te  220 kWh/lo6 ~ t u  steam, and new coke oven gas  a s s i s t e d  gas  t u r b i n e s  

wi th  bottoming c y c l e s  a r e  assumed t o  gene ra t e  150 kWh/lo6 Btu steam ( ~ h e r m o  

E lec t ron   or^.,^ p. 6-25). 

New and old f o s s i l  steam product ion f a c i l i t i e s  can be fue led  i n  s e v e r a l  

ways; Btu consumption per Btu s team product ion is  a  func t iop  of the  amount of 

~ l e c t r i c i t y  produced per Btu steam produced and to  some ex t en t  of the  f u e l  

type.  The bas i c  r e l a t i o n s h i p  i s  given by Thermo E lec t ron  Gorp.;' i n  F igure  

5.3, which r e l a t e s  power r a t e  t o  Btu fue l /B tu  steam production. E x i s t i n g  

6  nominal steam tu rb ine  topping systems wi th  9.5 kWh/lO Btu steam r e q u i r e  1.30 

6  B t u / ~ t u  steam; new steam t u r b i n e s  with 42 kWh/lO Btu steam r e q u i r e  1.53 

BtuIBtu steani. I f  b l a s t  furnace o r  coke oven gas  i s  used, s l i g h t l y  h ighe r  Btu 

requirements  a r e  imposed t o  account f o r  t h e i r  lower e f f i c i e n c i e s  . 
Gas t u r b i n e  topping energy use is  c a l c u l a t e d  from the d a t a  given by Thermo 

E lec t ron  C ~ r p . ~ ,  F igure  5.5. When d i s t i l l a t e  o i l  i s  used,  220 kWh/lo6 Btu 

steam is produced, r e q u i r i n g  2.27 x  lo6. Btu of f u e l ;  when coke oven gas  i s  

used, 150 kwh/lo6 Btu steam is  produced, r e q u i r i n g  2.00 x  l o 6  Rtu of f u e l .  



Table 19 
Boiler,Cogenecation Options 

- - ~  - - - - -  - - - - - - 

Old coa l  Old coal  Old coal  Old' o i l  Old o i l  Old o i l  
f i r e d  coks oven b l .  f .  f Fred coke oven bl .  f . 1  

gas  -f i r e d  'gas - f i r e d  gas -f i r e d  gas -f i r e d  

Steam ( l o D  Btu) -1.0 -1.0 -1.0 -1 .D -1 .O -1 .O 
E l e c t r i c i t y  ( l o 3  Wh) -0.0095 -0.0095 -0.0095 -0. DO95 -0.0095 -0.0095 
.Coal ( t ons )  0.0524 0.0275 0.0275 
~ 1 .  f .  o f fga s  . ( l o 6  ~ t u )  0.682 0.682 
Coke oven of fga s  ( l o 6  Btu) 0.682 0.682 
Oper. & Maint. ($1 0.04 0.04 0.04 0.04 0.04 0.04 
Resid. o i l  ( l o 6  Btu) 1.30 0.682 0.682 

- 

Old coa l  Old gas ' old gas Old gas Old Old 
f i r e d  coke oven b l .  f .  . t u rb ine  ?l ini  - M i 1 1  Mini - M i 1 1  

gas  -f i r e d  gas -f i r e d  coa l  - f i r e d  o i l  - f i r e d  

I Steam ( t o o  Btu) -1.0 -1.0 -1 .O -1.0 -1 .O -1.0 
D E l e c t r i c i t y  ( l o 3  kwh) -0.0095 -0.0095 -0.0095 -0.22 -0.0095 -0.0095 
N 

Coal ( t ons )  0.0524 
I BI. f .  o f fga s  (106 ~ t u )  0.682 

Coke oven o f fgas  ( l o 6  Btu) 0.682 
Oper. & Maint. ($ )  0.04 0. C14 0.04 0.L5 0.04 0.04 
D i s t .  o i l / g a s  blob Btu) 1.30 0.E82 0.682 2.Z7 
Resid. o i l  (10 Btz) 1.30 

Old Cld New c o a l -  New coe l  New coa l  New c o a l -  
Mini - M i l l  Mini-Mi11 f i r e d  coke oven b l .  f .  f i r e d  
gas  - f i r e d  gas t u rb ine  b o i l e r  gas  -fLred gas  - f i r e d  cogen. 

b o i l e r  b o i l e r  

I n v e s t .  c o s t ,  new ( $ )  2.00 2 .00 2 .OO 4.60 
Steam ( l o 6  Btu) -1.0 -1.0 -1.0 -l.C 1.0 -1.0 
E l e c t r i c i t y  ( l o 3  kWh) -0.0095 0.22 -0.042 
Coal ( t ons )  0.047 0.W5 0.025 0.0617 
~ 1 .  f .  o f fga s  ( l o 6  ~ t u )  0.625 
Coke ove l  o f f g a s  ( 1 3 ~  Btu) 3.625 
Oper. & Yaint .  ( $ &  0.04 0.45 0.01 3 -to1 0.01 0.073 
D i s t .  o i l / g a s  (10 Btu) 1.30 2.27 



Table 19 (Cont 'd) 

New Coal New coa l  New o i l -  New o i l  New o i l  New o i l -  
coke oven b l .  f .  gas -  f i r e d  coke oven b l .  f .  f i r e d  
g a s - f i r e d  f i r e d  cogen b o i l e r  - gas - f i r ed  gas  - f i r e d  cogen. 

cogen. b o i l e r  b o i l e r  

I nves t .  co s t  ($1  4.60 ' 4.60 1.11 1.11 1.11 2.51 
Steam ( l o 6  Btu) -1.0 -1.0 -1.0 -1.0 -1.0 -1.0 
E l e c t r i c i t y  ( l o 3  kWh) -0.042 -0.042 -0.042 
Coal ( t o n s )  0.0324 0.0324 
B1.  f .  o f fga s  (1c6 ~ t u )  0.803 0.66 
Coke oven o f fgas  ( l o 6  Btu) 0.803 1.66 
Oper. & Maint. ( $ )  0.073 0.073 0.01 0.01 0.01 0.073 
Resid. o i l  ( l o 6  Etu) 1.25 0.66 0.66 1.53 

New o i l  New o i l  New gas-  New gas New gas  New gas-  
coke oven b l .  f .  f i r e d  coke oven b l .  f .  f i r e d  
ga s - f i r ed  gas  - f i r e d  b o i l e r  . gas -f i r e d  gas  -f i r e d  cogen. 

cogen. cogen. b o i l e r  b o i l e r  

I nves t .  co s t  ( $ )  2.51 2.51 1.11 1.11 1.11 2.51 
steam (106 ~ t u )  . -1.0 -1.0 -1.0 -1.0 -1.0 -1.0 
E l e c t r i c i t y  ( l o 3  kWh) . -0.042 -0.042 -0.042 
~ 1 .  f .  o f fga s  (1c6 ~ t u )  0.803 0.66 
Coke oven of fgas  ( l o 6  Btu) 0.803 0.66 
Oper . & Maint . ( $  ) 0.073 0.073 0.01 0.01 0.01 0.073 
Resid. o i l  ( l o 6  E.tu) 0.803 0.803 
~ i s t .  o i l / g a s  ( 1 ~ ; ~  ~ t u )  1.25 0.66 0.66 1.53 

New gas  New gas  New New New New coke 
coke oven b l .  f .  waste -gas - waste -gas - gas oven 
gas  -f i r ed  ga s  -f i r e d  only f i r e d  only f i r e d  t u rb ine  gas 

cogen. cogen. b o i l e r  cogen. t u rb ine  

Inves t .  c o s t ,  nev ( $ )  2.51 2.51 2.00 4.60 5.64 5.64 . 
Steam ( l o 6  Btu) -1.0 -1.0 -1.0 -1.0 1.0 -1 .O 
E l e c t r i c i t y  ( l o 3  kWh) -0.042 0.042 -0.042 -0.22 -0.15 
81. f .  o f fga s  (1fi6 ~ t u )  0.803 0.66 0.84 
Coke oven off gas  ( l o 6 .  Btu) 0.803 0.66 0.84 2.00 
Oper. & Maint. ($ )  0.073 0.073 0.01 0.73 0.45 0.45 
~ i s t .  o i l / g a s  ( l o 6  ~ t u )  0.803 0.803 2.27 



Table  19 (Cont 'd)  

I n v e s t .  c ~ s t  ($ )  
Steam (10 Btu) 
E l e c t r i c i t y  ( l o 3  klJh) 
Coal ( t o n s )  
Oper. & Maint.  ( $ )  
~ i s t .  o i l / g a s  6106 ~ t u )  
Resid .  o i l  (10 Btu)  

New min i -  
m d l L  c o a l -  

f i r e d  
bo L le r  ' 

2.72 
-1.0 

New m i n i -  
m i l l  c o a l  

f i r e d  
cogen. 

4.60 
-1.9 
-0. 042 
0.0617 
0.373 

New min i -  Mev m3ni- 
m i l l  o i l -  m i l l  c i l -  

f i r e d  f i r e d  
b o i l e r  cogen : 

New min i -  
i n i l l  gas -  

f i r e d  
b o i l e r  

1.40 
-1.0 

New mini  Mew m i n i -  
m i l l  g a s -  m i l l  gas  

f i r e d  t u r b i n e  
cogen. 

2.51 11.27 
-1.0 -1.0.  
-0.042 -0.22 



V. ECONOMIC ASSUMPTIONS 

An upper l i m i t  of  570 x  1012 ~ t u / y r  (1975 a c t u a l  purchases )  of n a t u r a l  g a s  

i s  assumed, t o  r e f l e c t  the  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  the  i n d u s t r y .  

A. Cost  of M a t e r i a l s  - Non-Energy 

Table  20 l i s t s  t h e  c o s t  of non-energy m a t e r i a l s  purchased f o r  t h e  f i r s t  

p e r i o d  (1975) of t h e  model, w i t h  t h e  d a t a  sources .  

B. Cost of M a t e r i a l s  - Energy 

Table  21 g i v e s  t h e  assumed energy p r i c e s  f o r  t h e  f i v e  p e r i o d s  ( 2 5  y e a r s  

t o t a l )  now i n  the  model. They a r e  taken from C O N A E S ~ ~  base  c a s e  p r o j e c t i o n s  

based on 1975 a c t u a l  p r i c e s .  It i s  assumed t h a t  energy p r i c e s  w i l l  approxi-  

mate ly  double  ( r e l a t i v e  t o  o t h e r  p r i c e s )  by 2010. The energy  c o n t e n t  of t h e  

f u e l s  not  measured i n  Btu i s  a s  f o l l o w s :  f o r  c o a l ,  26.4 x  l o 6  ~ t u / t o n  t o  pro- 

c e s s ,  24.8 i n  use;  f o r  e l e c t r i c i t y ,  10,500 BtulkWh ( i n ) ,  3412 Btu/kWh ( o u t ) .  

C. I n i t i a l  Capaci ty  

The assumptions  r e g a r d i n g  i n i t i a l  c a p a c i t i e s  have been .d i scussed  i n  pre- 

ced ing  s e c t i o n s  of t h i s  r e p o r t ,  where s o u r c e s  a r e  g i v e n ;  t h e y  a r e  summarized i n  

Table  22. 

D. Capaci ty  Expansion C o s t s  

Tab le  23 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  repre-  

s e n t e d  i n  t h e  model f o r  bo th  new and r e t r o f i t .  The r e d u c t i o n  i n  a v a i l a b l e  ca- 

p a c i t y  due t o  aging of c a p i t a l  s t o c k  i s  handled by a p p l y i n g  a  decay f a c t o r  t o  

a l l  e x i s t i n g  c a p a c i t y  r e g a r d l e s s  of i t s  age. The nominal r a t e  i n  t h e  model i s  

2 % / y r ,  b u t  i t  can be a d j u s t e d  e a s i l y  by t h e  u s e r .  Opera t ion  and maintenance 

c o ~ t s  a r e  not e s c a l a t e d  over the 1 i f ~ t i m e  of t h e  equipment because t h e  p h y s i c a l  

d e t e r i o r a t i o n  is accounted f o r  i n  the  decay f a c t o r  (however,  e x i s t i n g  o l d e r  

equipment r e q u i r e s  more i n p u t s  per  u n i t  o u t p u t  t h a n  newer equipment) . 
E. Demand Data 

Table 24 g i v e s  t h e  demand f o r  s t e e l  assumed i n  t h e  model. That f o r  t h e  

i n i t i a l  pe r iod  i s  1975 a c t u a l  demand f o r  f i n i s h e d  steel produc t s  t aken  d t h  

minor o d j u c t m e n t ~  from AISI. 3  2  

A 1.5%/yr growth r a t e  was assumed i n  t h e  base  c a s e  t o  d r i v e  t h e  model; t h e  

mix o f  s t e e l  p roduc t s  was assumed t o  remain c o n s t a n t  over t h e  planning hor izon .  

F. Sc rap  Supply Curve 

One impor tan t  c o n s i d e r a t i o n  i n  t h e  model i s  p r i c e  and a v a i l a b i l i t y  of 

s c r a p  m a t e r i a l  t o  t h e  s t e e l  making i n d u s t r y .  L e f t  u n c o n s t r a i n e d ,  a t  c u r r e n t  

- 45 - 
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Table  22 
I n i t i a l  C a p a c i t i e s  ( l o 3  Tons) Table  22 (Cont .) 

I n t e g r a t e d  m i l l  
P roduc t ion  of d r y  coke 
P r o d u c t i o n  of wet coke 
Prod. & consump. of d o n e s t i c  p e l l e t s  
Prod. & consump. of s i n t e r  
Prod. of i r o n  by d i r e c t  r e d u c t i o n  

B l a s t  f u r n a c e  
1973 
B e l l  - l e s s  top  
P u l v e r i z e d  c o a l  
High t empera tu re  
1950 v i n t a g e  y e a r  
J o r d a n  

Bas ic  oxygen f u r n a c e ,  normal o p e r a t i o n  
E a r l y  
Average 
Best  

Bas ic  ox,vgen f u r n a c e ,  p rehea ted  
Average 
Best  

Bas ic  oxygen f u r n a c e ,  hooded 
Average 
Bes t  

Q -BOP f u r n a c e  
Normal 
Hooded 

Open - h e a r t h  f u r n a c e  
E a r l y  
Average 
Best  

E l e c t r i c  - a r c  f u r n a c e ,  normal o p e r a t i o n  
Average 
Best  

E l e c t r i c - a r c  f u r n a c e ,  hoaded, ave rage  

I n g o t  c a s t i n g  
Continuous c a s t  

Blooms 
B i l l e t s  
S l a b s  

~ - - - - - - - - - - - - - - - 

Semi - f i n i s h i n g  
Blooms 
S l a b s  
B i l l e t s  

Pusher - type  
Blooms 
S labs  
B i l l e t s  

Moving 
Blooms 
S labs  
B i l l e t s  

F i n a l  f i n i s h i n g  
Blooms 
S l a b s  
B i l l e t s  

* O i l  b o i l e r s  
Using c o a l  
Using o i l  
Using g a s  

.Gas t u r b i n e  
Mini - m i l l  

E l e c t r i c  a r c  
Gas t u r b i n e  
O i l - f i r e d  b o i l e r s  
Coal -f i r e d  b o i l e r s  
Gas - f i r e d  b o i l e r s  
D i r e c t  r e d u c t i o n  
Continuous c a s t ,  b i l l e t s  
F i n a l  f i n i s h i n g ,  b i l l e t s  
Pusher type ,  b i l l e t s  
Moving beam, b i l l e t s  
Ingo t  c a s t i n g  

*Boi ler  c a p a c i t y  i s  i n  u n i t s  of lo9 Btu steam. 



Table  23 
C a p a c i t y  Expansion Inves tment  Cos t s  ( $ / t o n  o r  $ / l o 6  Btu steam) 

Dry coke 
Wet coke 
P e l l e t i z i n g  
1973 b l a s t  f u r n a c e  
Jo rdan  
Best  b a s i c  oxygen f u r n a c e ,  Normal o p e r a t  ion 
Hooded 
P r e h e a t e d  
Q-BOP f u r n a c e ,  Normal o p e r a t  i o n  
llooeled 
Rest  open h e a r t h  f ~ l r n a c c  
Average e l e c t r i c - a r c  f u r n a c e ,  hooded 
Dest e l e c t r i c  a rc  fur i lacc ,  i i o i i ~ ~ a l  o p i ~ . i i t  iu11 

I n g o t  c a s t i n g  
Cont inuous  c a s t ,  Blooms 
B i l l e t s  
S l a b s  
Semi - f in i sh ing ,  Blooms 
S l a b s  
B i l l e r s  
Puqher t y p e ,  Blooms 
S l a b s  
B i l l e t s  
Moving beam, Blooms 
S l a b s  
B i l l e t s  
F i n a l  f i n i s h i n g ,  Blooms 
F i n a l  f i n i s h i n g ,  S l a b s  
B i l l e t s  

' New b o i l e r s ,  Using c o a l  
Using o i l  
Using was te  
Gas t u r b i n e  
New c o g e n e r a t i o n ,  Using c o a l  
Using o i l  
Using g a s  
l l s ing was te  
~ i n i - m i l l ,  g a s  t u r b i n e  
NPW h n i l ~ r s ,  llsin~ rnal 
Using o i l  
Using g a s  
New c o g e n e r a t i o n ,  Using c o a l  
Using o i l  
Using g a s  
~ l e c t r i c - a r c  
D i r e c t  reduc t ion 
Pusher  t y p e ,  b i l l e t s  
Moving beam, b i l l e t s  
F i n a l  f i n i s h i n g ,  b i l l e t s  
Continuous c a s t ,  b i l l e t s  



p r i c e s  t h e  model could  cho.ose t o  purchase more s c r a p  than  i s  a c t u a l l y  a v a i l -  

ab le .  Market s t e e l  s c r a p  i s  composed of o b s o l e t e  s c r a p  and prompt sc rap .  Ob- 

s o l e t e  s c r a p  comes from d i s c a r d e d  s t e e l - b e a r i n g  m a t e r i a l  and i t s  a v a i l a b i l i t y  

depends p r i m a r i l y  on p a s t  s t e e l  p roduc t ion  but  prompt s c r a p  comes from s t e e l  

f a b r i c a t i o n  l o s s e s  and i t s  supp ly  depends p r i m a r i l y  on c u r r e n t  s t e e l  produc- 

t i o n .  

- -- 

Table  24 
F i n a l  Demand f o r  S t e e l  P r o d u c t s  ( l o 3  Tons) 

P e r i o d  

1 2 3 4 5 

S t a i n l e s s  b i l l e t s  757 54 4 93 1 1018 1105 
Al loy b i l l e t s  8436 9405 103 74 11 343 12 3.1 2 
Carbon blooms 7086 7900 8714 9527 10341 
Carbon s l a b s  45804 51065 56326 61586 66487 
Carbon b i l l e t s  17874 19926 21980 24033 26086 

Hogan and ~ o e b l e ~ ~  d e s c r i b e  the  p r e s e n t  and p r o j e c t e d  supp ly  of s c r a p  pur- , 

chased by t h e  U. S. s t e e l  i n d u s t r y .  From t h e i r  d a t a ,  supplemented by conversa-  

t i o n s  w i t h  one of t h e  a u t h o r s ,  an  e q u a t i o n  was developed f o r  p r e d i c t i n g  price-' 

i n s e n s i t i v e  purchase  of sc rap :  

where 

T = 9658(1.053)t-197~ + 0.0667D 
T = t o n s  of s t e e l  i n d u s t r y  purchased s c r a p ,  

t. = y e a r ,  and 

D = t o n s  of demand f o r  s t e e l  p roduc t s  i n  year  t. 

Because t h e  prompt s c r a p  component depends on c u r r e n t  s t e e l  p r o d u c t i o n ,  t h e  

purchased s c r a p  supp ly  i s  a  f u n c t i o n  of s t e e l  demand. In  g e n e r a l ,  s c e n a r i o s  

a r e  d r i v e n  by energy p r i c e  and s t e e l  demand.' There fore ,  t h e  p r i c e - i n s e n s i t i v e  

purchase  of s c r a p  (a f o n c t i o n  of t o t a l  steel produc t ion)  is  a l s o  s c e n a r i o  

dependen t ,  and t h e  above e q u a t i o n  should be used t o  m a i n t a i n  c o n s i s t e n c y  w i t h i n  

a  s c e n a r i o .  

A s c r a p  supp ly  c u r v e  can be g e n e r a t e d  by combining t h e  p r i c e - i n s e n s i t i v e  

r e l a t i o n  above w i t h  t h e  r e p o r t e d  supp ly  p r i c e  e l a s t i c i t y ,  w i t h  t h e  fo l lowing  



1. The above s u p p l y  e q u a t i o n  g i v e s  t h e  a v a i l a b i l i t y  of s c r a p  at  t h e  c u r -  

r e n t  r e a l  p r i c e .  

2. The long- term p r i c e  e l a s t i c i t y  of t h e  s c r a p  supp ly  i s  1 . 1 2 . ~  (The 

s u p p l y  e l a s t i c i t y  o v e r s t a t e s  t h e  i n c r e a s e  i n  a v a i l a b i l i t y  of s c r a p  f o r  domest ic  

u s e  because  a s u b s t a n t i a l  f r a c t i o n  of the  a d d i t i o n a l  amount a v a i l a b l e  w i l l  go 

abroad .  ) 

3 .  The u l t i m a t e  s c r a p  l i m i t  is 60% h i g h e r  than  i n d i c a t e d  by t h e  Xogan and 

Koeble r e l a t i o n .  

4.  A s t e p w i s e  l i n e a r  s u p p l y  curve  wi th  t h e  p o i n t  e l a s t i c i t y  t aken  a s  1.12 

is  a n  adequa te  r e p r e s e n t a t i o n  o f  t h e  s c r a p  supp ly  c u r v e .  

FUUP gupply  "blus" are used i n  the model t o  form the  scrap supp ly  curve .  

Tl~e f i r s t  a l l o w s  t h e  amount r e s u l t i n g  from t h e  Hogan and Koeble p r i c e -  

i n s e n s i t i v e  s u p p l y  a v a i . l a h i l i . t y  t o  he purchased a L  the 1975 r e a l  c o s t  of 

s c r a p .  The o t h e r  t h r e e  i n c r e a s e  supp ly  a v a i l a b i l i t y  by 202 f o r  a n  1 8 1  i n c r e a s e  

i n  p r i c e  a c c o r d i n g  t o  t h e  e l a s t i c i t y  of 1.12.  

G. Purchased Scrap  Energy Use 

 oderi rick^^ and Kusik  and ~ e n e h a n ~ ~  r e c e n t l y  e s t i m a t e d  t h e  energy r e q u i r e -  

ments per  t o n  of v a r i o u s  s c r a p  t y p e s ,  and t h e  mix of such types .  T h e i r  r e s u l t s  

a r e  g iven  i n  Tab le  25. S i n c e  t h e  l a t t e r  work28 i s  more comprehensive,  i n c l u d -  

i n g  a l l  major s c r a p  t y p e s ,  t h e  f i g u r e  0 . 6 0 ~ 1 0 ~  Rtu / ton  i s  used i n  t h i s  s t u d y  

w i t h  t h e  c a v e a t  t h a t  a t  l e a s t  one o t h e r  r e p u t a b l e  i n v e s t i g a t o r  has  a r r i v e d  a t  a 

number twice as l a r g e .  

- - - - - - - 

Table 25 
ni  rec t Energy Rcquireruat~Ls and Mixes, Purchased Scrap 

  rod rick^^ Kusik & ~ e n e h a n * ~  
Scrap type l o 6  Btu/ton % Mix lo6  R ~ U /  ton X: Mix 

A .  Obsolete 
Shroddcd car 
Guil lo t ine  car 
Non-auto 
Sheared scrap 
Baled scrap 
Al l igator  shear 
Torch 

D. Piumpt 
Average 
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APPENDIX 

Representative Run of the Model, With Scenario Description and Output 



/ 

IPON AND STEEL MODEL 



PERIOD 1 PERIOD 2 PERIOD 3 PERIOD 4 PERIOD 5 - 
NATURAL GAS 
L l U S T a A T N T  I F 1 3  R T l l l  5 7 6 . r n  5 7 ~ 0  G ~ A .  n n  c7&, n n  ~ r a .  nn 

r A D T T A l  ~ N U F W N T  

CONSTRAINT (E6 S1 4O?.CO 435.16 472.0n 514.80 561.13 

BTU CONSTRAINS ( ~ 1 2  B T U l  1 0 0 0 6 . ~ 0  10000.00 10000.00 1n000.00 10000.00 

~ 

ENERGY PRICES (INCLUDING BTU TAX) 

INTGRATED M I L L S  
FI FCTRT.CTTV I I / F 7 K Y H l -  1R'-fi'5 ? n - 6 7  7 7 - 3 1  25 - 7 R  7 R  - 76 
N ~ T U R A L  GdS ($/E64TlJ)  0.96 1.67 2.37 3.08 3.79 
n T c T T I  I A T F  0 1 1  I C . / F ~ R T I I I  2 - 9 6  7 - 9 2  ? - h a  A n b  h . 6 1  

RESIDUAL O I L  ($ /E6BTU)  2.02 2.42 2.83 3.23 3.64 
C n A l  I S I T O N 1  7 9 - e ; I l  3 7 - 7 1  7 7 - 9 7  63-  1 6  66 - 7 6  

COKING COAL ($/TON) 44.21 50.51 56.84 63.15 69.48 

M I N I - M I L L  
F I F C T P T C T T v  f Q / F 7 K U H I  1 a . n ~  7 n .  &-a 3 1 - 9 1  95: 7 1  3a. 7 6  

NATURAL GAS (S /E6BTU)  0.96 1.67 2.37 3.08 3.79 
T I  l ATF  TI f n / F f d 3 ~ 1 1 i  2 - 1 6  7 - 9 2  7 - 6 R  I r - n A  A - 6 1  

RESIDUAL O I L  ( $ / E 6 R l U )  2.02 2.42 2.R3 3.23 3.64 
E n A l  I S f T n N I  39- '~IJ 3 7 - 7 1  77 -01  A 3 -  - - I 6  66.76 

C T F F I  n F M m  I F 7  M N S I  

CARBON 'BLOOMS 7086.00 7900.00 8714.00 9527.00 10341 -00  
c i m n n  ~ 7 - 0 0  

CARBON B I L L E T S  17874.00 19926.00 21980.00 24033.00 26086.00 
AI I nv R T I  I FTS R 1 7 6 . n n  9 4 0 s .  nn I m 7 ~  11967 n n  1 2 7 1 2 . n n  . 
STAINLESS BILLETS 757.00 844.00 931.00 i o i 8 . 0 0  110s.00 
21 AR Zhl  F Z  7 6 1  1  - n n  6n26, n n a & & n n  ARGG. nn 5 ? 7 n - n 0  



INTEGRATED INDUSTSY ( E 3  TONS) PE.?IOD 1 PERIOD 2 P F P I O D  3 PERIOD 4 PERIOD 5 

CARBON BLOOMS 7086.00 7900.00 8714.00 9527.00 1 0 3 4 1 . 0 ~  
5 ln6-  C; F.- AI~;RA nn  6 6 4 n n n  

CdRBON B I L L E T S  12504.86 12312.88 16970.9,7 21470.96 26086.01) 
I nv R T I  I FK n n n  n n o .  n nn n n n  8 d n  

STAINLESS B I L L E T S  757.00 844.00 931.00 1018.00 1105.00 

n o  L h  
ALLOY B I L L E T S  8436.00 9405.00 10374.13 11343.00 12303.11 

TOTAL (E3 TOWS) 13805.14 17018.1? 15383.33 13905.04 12303.11 

INDUSTRY TOTAL ( € 3  TONS) 

CARBON BLOOM3 7086.00 7900.00 R714..>!1 9527.00 10341.0" 
5g-n Al-nn 666- 

C4RBON B I L L E  r S  17874.00 19926.00 21980.00 24033.00 26006.0g 
AI I ny R T I  I F T :  n a l ~ n n  san- 1- i n u n  1371- 

STAINLESS B I L L E T S  757.00 844.00 931 .a0  1018.00 l l 0 5 . 0 n  
2 1  AR V F C  26.1 n n  a n 3 q n n  I. , . kp*n  a a c . ~  627- 

CARBON SL4BS 0.00 0.00 0.00 0.00 0.0- 
R T I  P F T Z  n n n  n n n  n fin n n n  n - n~ 

ALLOY B I L L E T S  0 . 0 0  0.00 0 . ~ 0  0.00 0.0n 
c r u  F C C  R T I  ' F s e  n n n  n n n  n r. n n n n  - w!! 



PERIOD 1 PERIOD 2 PERIOD 3 PERIOD 4 PERIOD 5 

( €6  TONS) 37.65 32.26 35.39 39.85 40.82 

( € 6  TONS) . - .  
DFI I F r c  1 0  a n  67 97 'E7 yn n  "n  n n n  
SINTER 33.32 19.50 i4.02 15.93 2 . -29 
nRF n  n n  n& n  n n  "a n n n  
IMPORTED OQE 90.69 64.44 46-34 .. 52.65 - 7.57 
TMD0.E- PFII. QR A&YL 11R 1 6  17&,4A 

T O T A L  146.41 i5h.20 165.A1 i ~ 6 . 7 5  186.34 

IRON PRODUCTION 

INTEGR~.TEO M I L L  7P.*3 88.75 113.4.1 122.64 

T O T A L  74.43 90.56 100.78 ii3.4'1 122.64 

f E 6  TONS) 

HOME SCRAP 35.47 4Z.21 47.94 51.64 54.93 
D I I R W C F ~  r , raAP l n  7 1  n nn n .  nn n  nn 1 - 1 7 '  

T O T A L  49.17 42.21 47.94 51 - 6 4  56.10 
M T N T  - HTI I 

HOME SCRAP 4.50 4.40 ' 3-98  -3.60 3.18 
P I I R I  
T O T A L  17.18 2n.63 20.213 i8.33 16.22 



P E Q I ~ D  1 PERIOD 2 PERIOD 3 PERIOD 4 PERIOD 5 

R T l l  TAY 

( € 6  DOLLARS) o.no 0.00 0 . n ~  0.00 0.00 

INVESTMENT 1 4 ~  CREDIT ' 

I F 7  ncll I A R G ~  ~ l n i v - ~ h  an377-c;i  r ;3~31,29  . B W - 3 9  1 1 ~ ~  

. - 
T n T A l  GnVFBblMFNT F x P - N e  
(SUM OF TYPICAL YEAP 
F A D  M U  n F  C; PFDTnh: l  

NO DISCOUNT 
 IF^ no1 I A R C )  9 5 7 -  07 

T n T A 1  FNFWGV P W H P C F F  

(SIJY OF TYPICAL Y E A G S  

- - -  

15.00  S DISCOUNT 
IFI? RTII )  57;ci.*n 



e r r 4 1  1 

IRON ORE PERIOD 1 PERIOD 2 PERIOD 3 PERIOD 4 PERIOD 5 

C T ~ - 7 - 1 3  P F D T ~ ~  1 P F R T n O  3 P F P T ~ ~  7 D F D T ~ ~  A P F R T ~ ~  ri 

BLAST FURNACE - -  - 

CTFFI UORKC - 
ROLLING + FINISHING 

I 
TOTAL  PURCHASED 2663.65 2514.73 2618.20 j l iee .  i i 2460.05 

T O T A L  FOR SIC-1011 AND SIC-3312, 

ELECTRIC?+? 365.80 457.53 497.49 422.69 . 124.39 
0 7 2 T l l  I'ATF n-on n-no L'"-' n 08 n - no 
RESIDUAL 118.15 0.00 o:.oo - o.no 1.47 
NATWI G 4 2  576-011 446,95 1 ~ 6 . 6 ~  i m . ~ n  a n - n ~  
COAL 1640.49 1730.25 2n32.54 2335.25 2294.14 



PERIOD 1 
n~- ---- CI F r  

S F  ''r-r.'J< 9 7  L % A  n n n  
COKE PRODUCTION -244.72 1441.14 n.51 41.41 

Y -22 

%ST' FURNACE 
T F ~  cn a 7  A h - a  - - 

i ~ i . 4 0  0.30 h: i8  112.26 
vGFN 1-3 n - n o  7 17  - -  2 .  nn . 

Q-BOP 3 - 6 0  O. D O  1.02 0.20 - .  

OPEN HEARTH 45.65 0.30 -13.52' 
FTFFI F T N T W Y N G  4-47-55 n - n n  ~ e ;  5 4  1 1 7 - 3 7  
COGENERATION 249.71 . 167'. 37 -30.67 -281. i 9  

FCC ETFAM n - o n  n - n o  n .  nn n - n n  
DIRECT R E O U C T ~ O N  0.00 31.58 ->.48 0.00 

p r V ' = F N  w . c U u T T ~ N  1 3  9Ii - 

PFRTnn 3 

OIL/GAS/(#FGAS C D ~ L  ELEC STEAM 

I 
ORE M I N I Y G / P R O C E S S I M  58.21 20.08 0.00 

m K F  PRKlLICSTnN 17'1i~7R n h a  7 4 ; ~ ~  
m 
hl 

SINTER , 29.84 2.40 1.95 
RI ACT F I I ~ N A C F  lG3- !9  369.26 7 .  G 7  177;57  

I B A S I C  O X ~ G E N  12.31 0.00 8 - 0 5  3.15 - - 
1 2 ~ 1 7  n nn -2 7~ n 6.r 

ELECTRIC ARC 2.14 0.00 47.10 20.40 
B P F N  HFAaTH n- nn n ,nn n nn n d n  
ST EEL F I  V I S H I N G  476.54 0.00 7p.70 130.74 

F R A T T O N  7!6,-5A 1 G7,57 
PROCESS STEAM 0.00 0.00 i .no  0.00 

n r t  ~ e / r ~ ~ c n c  MAI  FI FP C T F A M  -- 
C T U G  e;z . 6 3  1n 1 4  n nn 

COKE PRODUCTION -230.05 1354.84 n.48 38.93 
- - 

BLAST FURNACE 109.43 408.32 8.60 156.22 
A b c T e  nvvf iFM 1 1  1 7  n nn 7 Yn 2 01. - - -  - 
0-BOP 20 -86  n..oo S..AO 1. i 3  
11 F C T R U c  1 . a ~  n nn a I. - .  a - LEI-. a" 
OPEN HEARTH 0.00 o..oo n.00 0.00 

qqn - i a n .  nn nn 71i 1-1 
COGENERATION 290.74 17BC59 - 6 ~ 1 9 2  -290.00 

FCC CTFAM n .  nn an nn n nn - n 

DIRECT REDUCTION 0.00 0.00 n'i no 0. on 
l U v G F N  r n  a 3  -- 



PERIOD 4 
F I  Ff- CTFAM 

COKE PRODIJCTIO~I - 2 5 9 . 0 3  1525.50  n.70 34 .83  
s u l r ~ o  3,. - .  a = 1 9  - I I=0 - - 
e ~ e s r  F U ~ N A C E  1 2 4 . 3 5  457 .52  9 : . 6 ~  1 7 5 . 7 9  -- - n nn c En - 9 -.-. e;7 

13-ROP - 4 . 0 3  0.00  7 .93  1.55 
_ U F r T D I r  " O P  1 70 n nn -. ca L6. $7 . . .. 
OPEN HEARTH 0 .00  n. no n.00 0.00 

I - F T N ~ .  - 6% 1 R n nn 0 7  30  1 ~ 7  ~7 
d 

COGENERATION 371.17  161;;3 -A7,.42 -317 .50  
n nn on .. . 

DIRECT REDUCTION n.oo 0.00 n.nn n e o n  

OIL/GAS/OFFGAS COAL ELEC STEAM 

ORE MINING/?ROCESSING a.on & i n  0.00 
-F P R W ~ N  1 57 1 7 0  - 
SINTER 3.50 -?. 3 0  0 .23  
B ACT FWNA!!F 17.~7 68-7. 7 5  i n  A A  

BASIC OXYGEN -5.65 0.00 5.95 2 . 3 2  
- - 

ELECTRIC ARC 1 . 6 1  0.00 4 i . 2 6  ' 14.75  
nPFN U F ~ E I T H  n o n  n nn n n n  " 
STEEL F I N I S H I N G  5 9 6 . 6 8  0 .00  94 .  n 1 1 7 0 . 6 1  

RATTON 721 AR qR 77 -. ~ i ~ a n  . -  _ - ~ & n c  
PRJCESS S T E A M  n . o o  0.00 4 . n o  0 . 0 0  
~ T D F ~ T  WN n nn n nn n nn n nn 

OXYGEN PRODUCTION 9 4 . 9 3  




