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Abstract -- 
This  s tudy  analyzed t h e  recovery o f  o i l  from o i l  shale by use of  

proposed systems which inco rpora t e  b e n e f i c i a t i o n  o f  t he  shale ore ( t h a t  
is, concen t r a t ion  of  t h e  kerogen) before t h e  o i l - recovery  s t e p .  The 
o b j e c t i v e  was t o  i d e n t i f y  systems which could be more a t t r a c t i v e  than  
convent iona l  s u r f a c e  r e t o r t i n g  of ore .  
ou t .  
i n c r e a s e  kerogen concen t r a t ions  by a t  least four-fold.  P o t e n t i a l l y  
a t t r a c t i v e  low-enrichment methods such as dens i ty  s e p a r a t i o n  were n o t  
examined. The t e c h n i c a l  a l t e r n a t i v e s  considered were bounded by t h e  
secondary c rushe r  as i n p u t  and raw s h a l e  o i l  as output .  

A sequence o f  b a l l  m i l l i n g ,  frot,h f l o t a t i o n ,  and r e t o r t i n g  
concen t r a t e  is not  a t t r a c t i v e  f o r  Western shales compared t o  convent iona l  
o r e  r e t o r t i n g ;  t r a n s p o r t i n g  t h e  concent ra te  t o  another  l o c a t i o n  for 
r e t o r t i n g  reduces a i r  emiss ions  i n  t h e  o r e  region but  c o s t  r educ t ion  is  
ques t ionable .  The high c a p i t a l  and energy c o s t s  r e s u l t  l a r g e l y  from the  
b a l l  m i l l i n g  s t e p  which is very i n e f f i c i e n t .  
comminution seem ach ievab le  through research and such improvements, p l u s  
confirmation o f  o the r  assumption:, could make high-enrichment 
bene f i c i a t  i on compet i t ive  w i t h  ccaven t .i ona 1 process ing  . 

L 

No experimental  work was carried 
The systems analyzed cons i s t ed  o f  b e n e f i c i a t i o n  methods which could 

Major improvements i n  
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1.  SUMMARY 
I- - 

The purpose of t h i s  s tudy  has been t o  a s s e s s  broadly  the  p o t e n t i a l  

a t t r a c t i v e n e s s  o f  new large-scale systems f o r  recover ing  oil from o i l  

shale, systems which inco rpora t e  a b e n e f i c i a t i o n  s t e p  t o  i n c r e a s e  kerogen 

concen t r a t ion  s u b s t a n t i a l l y  i n  the  feed t o  a r e t o r t  or o t h e r  s t e p  f o r  

conver t ing  kerogen t o  o i l .  

The enormous magnitude of  o i l  s h a l e  d e p o s i t s  i n  the United S t a t e s  is 

we l l  known. More o i l  is contained i n  the rich th i ck  d e p o s i t s  of 

Colorado's Piceance Basin o i l  shales a lone  than i n  a l l  the  proved 

petroleum r e s e r v e s  i n  t h e  Middle East. However, a depos i t  is not  a 

r e se rve .  

depos i t  becomes t e c h n i c a l l y  and economically feasible. 

from shale is not  c u r r e n t l y  economically feasible by normal commercial 

c r i t e r i a  even though it is t e c h n i c a l l y  feasible. Therefore, t h e r e  has 

A d e p o s i t  becomes a r e se rve  only when e x p l o i t a t i o n  of t h a t  

Recovery of  o i l  

been no commercial product ion of  shale o i l  i n  t h e  United S t a t e s  f o r  over  

a century .  

p l a n t  is under c o n s t r u c t i o n  or d e f i n i t e l y  committed f o r  c o n s t r u c t i o n  i n  

A t  the  date o f  t h i s  w r i t i n g ,  no commercial-size shale oil 

t he  U.S. with the  s i n g l e  except ion  o f  Union O i l  Company's 

10,000 ba r re l /day  module i n  Colorado. 

O i l  Shale: A Lean Ore 

The c e n t r a l  economic problem i n  recover ing  o i l  from shale is the fact 

t h a t  even r i c h  shales are l e a n  o res .  That is, only about  10-152 of the 

mass of  r i c h  shales is recove rab le  as  marketable energy. The remaining 

85-90% is worse than wor th l e s s ;  a cost is incu r red  i n  d i spoaing  of t h e  - 
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r e s idue  acceptab ly .  By c o n t r a s t  with o t h e r  f o s s i l  f u e l  "o res , "  

e s s e n t i a l l y  loo$ of petroleum (ex  water) and n a t u r a l  gas, and perhaps 

70-90% of most om13 c o n s i s t  of energy, i .e. ,  burnable  material. 

Therefore ,  large amounts of shale rock must be mined, handled,  processed,  

and disposed of i n  o rde r  t o  recover  a r e l a t i v e l y  small amount o f  shale 

o i l  by t r a d i t i o n a l  methods of s u r f a c e  r e t o r t i n g ;  that  is expensive.  

I n  some l o c a t i o n s ,  a second key problem exists:  heavy burdens 

imposed by the  p a r t i c u l a r  l oca t ion .  Colorado's Piceance Basin 

i l lustrates the  problem. The t e r r a i n  is d i f f i c u l t ,  making c o n s t r u c t i o n  

expensive.  Water s u p p l i e s  are l i m i t e d ;  t he i r  use f o r  energy purposes 

provokes s e r i o u s  social and i n s t i t u t i o n a l  debate even if the  convent ional  

economics are clear. Populat ion is sparse; the  i n f r a s t r u c t u r e  does not  

e x i s t  t o  provide and suppor t  the  people needed t o  b u i l d  and o p e r a t e  an 

indus t ry .  Environmental s t r i c t u r e s  may l i m i t  the  s i z e  o f  t h e  i n d u s t r y  

suppor t ab le ,  or a t  least r e q u i r e  more e x t e n s i v e  (and expensive)  emiss ion  

c o n t r o l s .  

One t e c h n i c a l  approach t o  t h e  lean-ore problem is i n  s i t u  recovery.  

By l eav ing  a l l  o r  most of the  rock i n  the  ground and process ing  it there, 

materials handl ing problems are reduced. 

recovery have been proposed and researched.  

Seve ra l  methods o f  i n  s i t u  

Although t e c h n i c a l  

f e a s i b i l i t y  has been demonstrated--oil  can be produced--economic 

f e a s i b i l i t y  has not  and the  f u t u r e  f o r  i n  s i t u  recovery is not  clear. 

Bene f i c i a t ion  of Lean Ores 

A d i f f e r e n t  t e c h n i c a l  approach was examined i n  t h i s  s tudy:  

b e n e f i c i a t i o n .  Bene f i c i a t ion  is t h e  process  f o r  conver t ing  a l e a n  o r e  
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i n t o  a rich feed, t h u s  reducing some o f  the downstream materials 

process ing  and handl ing requi red .  ITAlthough, o f  course ,  adding t h e  
w 

b e n e f i c i a t i o n  s t e p  i t se l f .  ) Benef i c i a t ion  a l s o  o f f e r s  t he  p o s s i b i l i t y  of 

t r a n s p o r t i n g  the enr iched  feed at reasonable  c o s t  t o  another  l o c a t i o n  f o r  

f u r t h e r  processing-- thus avoid ing  some o f  t h e  problems o f  c o n s t r u c t i n g  

and ope ra t ing  the  recovery s t e p  ( i .e .  conver t ing  t h e  kerogen t o  o i l )  a t  

t h e  s i te  of t h e  o r e  body. 

Although b e n e f i c i a t i o n  o f  o i l  shale has no t  even been thoroughly 

researched, b e n e f i c i a t i o n  of metal-containing o r e s  is s tandard  commercial 

practice i n  the  United States. Rene f i c i a t ion  o f  another  energy o r e ,  

c o a l ,  is practiced widely on a commercial scale f o r  the  removal of i n e r t  

rock and some p y r i t e .  More s o p h i s t i c a t e d  methods f o r  c o a l  b e n e f i c i a t i o n  

can be expected i n  the  fu tu re .  

The power of b e n e f i c i a t i o n  can b e  i l l u s t r a t e d  by t h e  fact t h a t  it 

makes p o s s i b l e  the commercial e x p l o i t a t i o n  of o r e s  t h a t  are even l e a n e r  

( i n  an economic sense )  than oil shale is. For example, copper ores 

con ta in ing  less than  0.5% copper a r e  processed r o u t i n e l y ,  y i e l d i n g  less 

than $8 worth of r e f i n e d  metal pe r  ton o f  ore .  

molybdenum are about  $15/ton ore .  

y i e l d s  o i l  worth $25/ton o re  assuming tha t  the  o i l  is valued a t  

$35/bar re l .  Therefore ,  t he  not ion  t h a t  o i l  shale can be b e n e f i c i a t e d  

commercially cannot  be r e j e c t e d  ou t  o f  hand as having no p a r a l l e l  i n  

Analogous numbers f o r  

By c o n t r a s t ,  30 ga l lon / ton  o i l  shale 

o t h e r  experience.  
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Steps i n  t he  Recovery System 

We p i o t u r e  a aystem incorpora t ing  b e n e f i c i a t i o n  for o i l  s h a l e  

recovery t o  have the  fol lowing major steps conceptua l ly  (a l though no t  

n e c e s s a r i l y  l i t e r a l l y  s i n c e  some steps may be combined); t h i s  process 

sequence is shown graphica l ly  i n  Figure 2-1, p. 2-5. 

1. Comminution of  crushed shale (from s u r f a c e  or underground 

mining) to  p a r t i c l e s  of  " l i b e r a t i o n  s i z e " ,  i . e .  f i n e  enough s o  

t h a t  i n d i v i d u a l  particles are pr imar i ly  kerogen o r  p r imar i ly  

mineral .  

Separa t ion  of  t h e  mixture of particles i n t o  two par ts ,  a 

kerogen-rich concen t r a t e  and a minera l - r ich  t a i l i n g s  wi th  

d i s p o s a l  of  the  t a i l i n g s ;  t h i s  s t e p  and the  preceding one w i l l  

occur a t  o r  ad jacen t  t o  the  mine si te.  

2. 

3. Opt iona l ly ,  t r a n s p o r t  of t h e  concen t r a t e  ( f o r  example, by s l u r r y  

p i p e l i n e )  t o  another  l o c a t i o n  f o r  f u r t h e r  p rocess ing ;  t h e  o t h e r  

l o c a t i o n  may o f f e r  more f avorab le  c o n s t r u c t i o n ,  socioeconomic, 

o r  environmental  cond i t ions ,  o r  may have e x i s t i n g  fac i l i t i es  

(e.g., r e a c t o r  c a p a c i t y )  which can be used. 

Recovery of crude shale o i l  (and gas) from the  concen t r a t e  by 

r e t o r t i n g  o r  o t h e r  methods and d i s p o s a l  of  t h e  spent  minera l  

matter, perhaps after recover ing  energy from the  r e s i d u a l  carbon 

by combustion o r  g a s i f i c a t i o n .  

4. 
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B e n e f i c i a t i o n ' s  Advantages and Disadvantages - 

1 

4Compared t o  convent iona l  shale o i l  systems c o n s i s t i n g  of s u r f a c e  

r e t o r t i n g  o f  whole o r e ,  systems i n c w p o r a t i n g  b e n e f i c i a t i o n  have 

p o t e n t i a l  advantages and disadvantages.  The most important  advantages 

are as fo l lows:  

-- Enabling kerogen and shale o i l  recovery from l ean  shales as well 

as r i c h  ones;  s u r f a c e  mining would be more a t t r a c t i v e  if l e a n  

shales i n  the  overburiden could be processed. 

Reducing the mass o f  material processed (and t h u s  t he  size of  

t he  r e t o r t  or o t h e r  recovery equipment) i n  the  recovery s t e p  t o  

y i e l d  a given amount of  o i l .  

Reducing t h e  mass o f  spent  shale ( t h e  rock sub jec t ed  t o  

p y r o l y s i s )  genera ted  and t h e  environmental  problems a s s o c i a t e d  

wi th  its d i s p o s i t i o n .  

-- 

-- 

I n  a d d i t i o n ,  a b e n e f i c i a t i o n  process  o f  the type  we considered--one 

t h a t  r e s u l t s  i n  very high enrichment ( say ,  four - fo ld)  of f i n e l y  d iv ided  

ore--has the  p o t e n t i a l  f o r :  

-- Transporting the enriched material in a s l u r r y  p i p e l i n e  ou t  o f  

t he  o i l  shale reg ion  for remote conversion o f  kerogen t o  o i l ,  as 

noted above. 

-- Using t echno log ie s  o t h e r  than ,  and perhaps supe r io r  t o ,  

r e t o r t i n g  f o r  recovery o f  o i l  from the  kerogen. 

The most important  corresponding disadvantages are as follows: 

-- Cost o f  the  b e n e f i c i a t i o n  process  ( c a p i t a l ,  energy, water, o r e  

l o s s ,  o t h e r  ope ra t ing  c o s t s ) .  

Large tailings stream f o r  d i s p o s a l .  -- 
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-- Poss ib l e  problems i n  handl ing and s e p a r a t i n g  f i n e  par t ic les  

dur ing  o i l  recovery.  

The e s s e n t i a l  t rade-of f  is obvious: can t h e  c o s t  ( l l cos t l l  i n  a l l  

senses)  o f  adding the  high-enrichment b e n e f i c i a t i o n  process  be o f f s e t  by 

t h e  b e n e f i t s  ( aga in ,  i n  a l l  senses )  o f  easier kerogen conversion? 

Answering tha t  ques t ion  was the  major o b j e c t i v e  o f  t h i s  s tudy.  

We d i d  no t  examine low-enrichment (say 30% t o  50%) beneficiation, 

achievable  by d e n s i t y  s e p a r a t i o n s  f o r  example. 

under commercial i n v e s t i g a t i o n  and are p o t e n t i a l l y  a t t r a c t i v e  s i n c e  they 

Such s e p a r a t i o n s  are 

are r e l a t i v e l y  inexpensive and can cap tu re  r e t o r t  credi ts  d i r e c t l y .  

Base Case Comparisons 

I n  o rde r  t o  assess the p o t e n t i a l  b e n e f i t s  o f  i nco rpora t ing  o r e  bene- 

f i c i a t i o n  i n t o  a shale o i l  recovery system, t he  most d i rec t  approach 

s imply compares systems w i t h  and without  b e n e f i c i a t i o n .  

son was made f o r  "Base Case" systems, t h a t  is, systems based on technology 

Such a compari- 

t h a t  seems l i k e l y  t o  perform reasonably as assumed even though t h e  

technology has no t  been demonstrated on a commercial scale or even on a 

p i l o t  p l a n t  scale i n  some respects. 

and def ined f o r  mining through recovery o f  raw shale o i l ;  t h e  mining s t e p  

is included because increased  mining c o s t s  are incu r red  i f  kerogen 

recovery i n  t h e  b e n e f i c i a t i o n  s t e p  is less than  loo%, a l though t h a t  

i nc rease  may be o f f s e t  i f  o i l  y i e l d  from kerogen concen t r a t e  i n  t h e  

The Base Case systems were selected 

recovery s tep  exceeds the  y i e l d  from convent ional  r e t o r t i n g .  

and r e f i n i n g  were not  included because the  impact of  b e n e f i c i a t i o n  on 

those steps should be minor. 

Upgrading 
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The choice  o f  convent iona l  Base Case, without  b e n e f i c i a t i o n ,  was t h e  

-W technology proposed f o r  the  Colony p r o j e c t ,  i .e. Tosco I1 r e t o r t i n g .  

Colony was chosen because more information has  been publ ished on t h e  

Tosco I1 technology than on any o the r  technology and because Tosco I1 

r e t o r t s ,  un l ike  most o r  a l l  o the r  developed U.S. r e t o r t s ,  seem able t o  

handle  a kerogen concen t r a t e  (a l though some modi f ica t ions  are requ i r ed ) .  

The Base Case inc lud ing  b e n e f i c i a t i o n  assumed t h a t  the  output  of t h e  

Colony secondary c rushe r  was ground t o  < 20 microns i n  a mul t i - s tage  

r ecyc l ing  b a l l  m i l l  c i r c u i t  and f r o t h  f l o t a t e d  t o  separate kerogen 

par t ic les  from minera l  particl-es. O i l  was recovered from the d r i ed  and 

p e l l e t i z e d  kerogen concen t r a t e  i n  Tosco I1 r e t o r t s .  

For both Base Cases d e t a i l e d  flow sheets were prepared and estimates 

made of des ign  cr i ter ia  (Table  3-2, p. 3-7 ) ,  equipment s p e c i f i c a t i o n s  

(Table 3-3, p. 3-81, and materials, u t i l i t i e s ,  and l abor  requirements  

(Table 3-4, p. 3-9). Both Base Cases used the  same o r i g i n a l  o r e ,  

35 ga l lons / ton  shale, and produced the  same 50,000 barrels/stream day of 

raw shale o i l .  

concen t r a t e  contained 88% of  t h e  kerogen i n  the  o r e  and was enr iched  

four-fold, i.e. t o  140 ga l lona / ton .  

The b e n e f i c i a t i o n  system assumed t h a t  t he  kerogen 

Using the  information described i n  the  previous  paragraph, and 

publ ished estimates on the  c o s t  o f  t h e  Colony p r o j e c t ,  c a p i t a l  and 

ope ra t ing  c o s t s  were c a l c u l a t e d  f o r  the  two Base Cases. The h i s t o r y  of 

c o s t  estimates o f  s y n t h e t i c  f u e l s  p l a n t s  does no t  i n s p i r e  h igh  conf idence  

i n  the state o f  t h e  a r t  f o r  making such estimates. The more s p e c u l a t i v e  

t h e  technology, the  greater t h e  probable  e r r o r ,  and some of t h e  

technologies  considered i n  t h i s  s tudy are extremely specu la t ive .  It is 

not  f a c e t i o u s  t o  say t h a t ,  i n  many cases, t o t a l  c o s t s  o f  proposed 

s y n t h e t i c  f u e l s  p l a n t s  have not  been known conf iden t ly  t o  one s i g n i f i c a n t  

I 
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f i g u r e ,  e.g. Colony, a l though numbers are o f t e n  t abu la t ed  wi th  two t o  w- 

three s i g n i f i o a n t  f i g u r e s  (as here) o r  even more. Therefore ,  t he  

a b s o l u t e  levels of c o s t s  ci ted i n  t h i s  s tudy should be regarded wi th  a t  

least the  same skept ic i sm deserved by o the r  estimates. However, we t r i e d  

t o  estimate c o s t s  i n  a c o n s i s t e n t  way so t h a t  r e l a t i v e  comparisons should 

have reasonable  v a l i d i t y  even i f  the  abso lu te  numbers are crude. 

The table below summarizes t he  r e s u l t s  where capital  c o s t s  are 

expressed i n  1981 d o l l a r s  f o r  an i n s t a n t l y  b u i l t  p l a n t ,  and t o t a l  annual  

c o s t s  are the sums of  annual  ope ra t ing  c o s t s  p l u s  a 25% annual  cap i ta l  

charge (de ta i l s  i n  Tables 3-7, 3-8, and 3-9, pp. 3-25, 3-26, and 3-30). 

The c o s t s  i nc lude  only the  mining, b e n e f i c i a t i o n ,  and p y r o l y s i s  s e c t i o n s  

of t h e  p l a n t .  All numbers exclude o t h e r  p l a n t  s e c t i o n s  such as  

upgrading, land ,  and o f f s i t e s  (which make up 64% o f  t he  t o t a l  capi ta l  

c o s t  i n  the  convent iona l  Base Case) because they are r e l a t i v e l y  

unaf fec ted  by inco rpora t ing  bene f i c i a t i o n .  

Table 1-1 

Base Case Costs  f o r  Mining Through P y r o l y s i s  S e c t i o n s  

(1981 Dol l a r s ,  Mi l l i ons ,  f o r  I n s t a n t  P l a n t s )  
With 

Conventional Bene f i c i a t ion  
Capital Costs  

Mining 
Bene f i c  i a t i on 
Pyro lys i s  

290 320 
- 550 

770 220 

Grand To ta l  1060" 1090 

Annual Costs  

Operat ing 
Cap i t a l  Charge @ 25% 

107 186 
- 265 - 27 3 

Grand To ta l  (Rounded) 37 0 460 

*Total  p l a n t  c a p i t a l  c o s t  i nc lud ing  upgrading, o f f s i t e s ,  and land is  
about  $2910 mi l l i on .  
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The c a p i t a l  c o s t s  are t h e  same, well wi th in  the  accuracy of t h e  

estimates, but  the  ope ra t ing  cos t s  f o r  b e n e f i c i a t i o n  are $90 mi l l i on /yea r  * 
higher  p r imar i ly  due t o  power c o s t s  f o r  g r ind ing  o f  $70 mi l l ion /year .  

S ince  t h e  assumptions f o r  t h e  less-proved b e n e f i c i a t i o n  case are 

probably o p t i m i s t i c  r e l a t i v e  t o  the convent ional  case, our  conclusion is  

t h a t  t h e  b e n e f i c i a t i o n  technology aissumed f o r  the  Base Case is no t  an 

a t t r a c t i v e  prospec t  f o r  a development program. 

some a l t e r n a t i v e  technologies  t o  a t tempt  t o  i d e n t i f y  more promising 

Therefore  we examined 

prospec ts .  

Comminution, Separa t ion ,  and Recovery A l t e r n a t i v e s  

Improvement o f  comminution technology is hampered by ignorance about  

t h e  minimum amount of  energy requi red  t o  reduce s h a l e  t o  l i b e r a t i o n  s izes  

(averaging  about  5 microns) .  

equipment probably consume 100 t o  1000 times as much energy as is 

t h e o r e t i c a l l y  necessary.  Three new equipment des igns  were proposed: a 

s t a t i o n a r y  s p i r a l  bzl l  m i l l  (SSM), an autogenous shear m i l l  (a), and a 

pneumatic impact m i l l  (PIM) (F igu res  4-5 t o  4-8, pp. 4-29, 4-30, and 

4-33) .  

i n  b a l l  mi l l i ng .  The SSM might also c u t  the  c a p i t a l  c o s t  i n  half, bu t  

the  ASM's c a p i t a l  c o s t s  would be much h igher  (Table  4-1, p. 4-43). 

PIM was too  s p e c u l a t i v e  f o r  c o s t  and energy e s t ima t ion .  

Ball m i l l s  and o t h e r  commercial g r i n d i n g  

Both the  SSM and the  ASM might use about  ha l f  the  energy consumed 

The 

Separa t ion  o f  comminuted p a r t i c l e s  is measured by t h e  s e p a r a t i o n  

e f f i c i e n c y ,  a percentage def ined as R 1  minus R ~ ,  where R~ ?nd R~ 

are t h e  percentages  o f  kerogen and minera l  r e s p e c t i v e l y  recovered i n  t h e  

kerogen concent ra te .  High separat;on e f f i c i e n c i e s  are requ i r ed  t o  get a 
v 
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concent ra te  wi th  both high kerogen r ecove r i e s  from ore and h igh  

enrichment ratios. 

35 ga l lon / ton  ore wi th  an enrichment r a t i o  o f  4 corresponds t o  a 

s e p a r a t i o n  e f f i c i e n c y  o f  84%. O f  the  many s e p a r a t i o n  techniques  

considered,  only the  techniques  which depend on w e t t a b i l i t y  ( l i k e  f r o t h  

f l o t a t i o n )  seem both pract ical  and capable o f  high s e p a r a t i o n  

e f f i c i e n c i e s .  ’ Two i d e n t i f i e d  w e t t a b i l i t y  a l t e r n a t i v e s  t o  f r o t h  f l o t a t i o n  

are s e l e c t i v e  shear aggrega t ion  (SSA) and direct  p e l l e t i z a t i o n  (DP).  The 

c o s t  estimates f o r  these a l t e r n a t i v e s  (Table  5-5, p. 5-33) show t h a t  DP 

might be cheaper than f r o t h  f l o t a t i o n ,  reducing capital  and ope ra t ing  

c o s t s  by one-quarter t o  one-third.  Therefore ,  a l though DP is h igh ly  

s p e c u l a t i v e  it deserves  more s c r u t i n y  i f  b e n e f i c i a t i o n  systems are t o  be 

s t u d i e d  . 

For example, recover ing  90% o f  t h e  kerogen from a 

A l t e r n a t i v e s  t o  r e t o r t i n g  f o r  recover ing  o i l  from kerogen concen t r a t e  

can be j u s t i f i e d  i f  the  a l t e r n a t i v e  is cheaper, g i v e s  improved y i e l d s  or 

product  q u a l i t y ,  o r  is supe r io r  on environmental  o r  o t h e r  grounds,  o t h e r  

cons ide ra t ions  equal .  A c l o s e r  examination o f  e x i s t i n g  data showed t h a t  

a l t e r n a t i v e  processes  are g e n e r a l l y  more complex and t h u s  more c o s t l y  

than r e t o r t i n g ,  t h a t  only modest y i e l d  improvements over  optimized 

r e t o r t i n g  are p o s s i b l e  even t h e o r e t i c a l l y ,  and t h a t  q u a l i t y  improvements 

are no t  l i k e l y  t o  materially affect  the  t o t a l  c o s t  of r e f i n i n g  t o  

marketable t r a n s p o r t a t i o n  f u e l s  s i n c e  deep hydrogenation o r  o t h e r  s eve re  

process ing  is needed i n  any case. One poss ib ly  a t t r a c t i v e  a l t e r n a t i v e  t o  

r e t o r t i n g  is s u p e r c r i t i c a l  e x t r a c t i o n  (SCE), a process  being developed 

f o r  coal and o t h e r  materials. 

(Table 6-5, p. 6-25) show system capital  and ope ra t ing  c o s t s  similar t o  

Some s p e c u l a t i v e  c o s t  estimates on SCE 
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those  o f  t he  Base Case systems--largely because of  t h e  assumption of 

improved y i e l d  (120% of  F i sche r  Assay) which reduces t h e  throughputs  and 

c o s t s  of the  mining and b e n e f i c i a t i o n  s e c t i o n s .  

W 

Ultimate Process  P o s s i b i l i t i e s -  

S ince  the  obvious ba l l -mi l l i ng - f ro th  f l o t a t i o n  Base Case sequence 

looked u n a t t r a c t i v e  under t he  cond i t ions  assumed, we cons idered  other 

c o n d i t i o n s  and o t h e r  combinations of b e n e f i c i a t i o n  technology t o  see if 

process  sequences could be i d e n t i f i e d  t h a t  were compet i t ive  wi th  

convent iona l  o r e  r e t o r t i n g  (detai ls  i n  Table 7-1, p. 7-41, 

The same Base Case technology f o r  Western shales was about  

cos t - equ iva len t  t o  convent iona l  r e t o r t i n g  i f  g r ind ing  c o s t s  were halved. 

The same cos t -equiva lence  resulted f o r  Eas te rn  shales but  a t  an a b s o l u t e  

c o s t  l e v e l  about  three times as high as f o r  Western shales. 

Seve ra l  a d d i t i o n a l  and more extreme assumptions were made i n  v a r i o u s  

combinations,  namely: enrichment r a t i o s  were increased  c l o s e  t o  the 

t h e o r e t i c a l  l i m i t s ;  kerogen recovery during s e p a r a t i o n  was i nc reased  t o  

97%; conversion of kerogen t o  o i l  was increased  t o  120% of Fisoher Assay; 

f u r t h e r  50% c u t s  i n  g r ind ing  c o s t s  were made; and, f i n a l l y ,  the recovery 

s e c t i o n  was e l imina ted  t h u s  feeding  t h e  kerogen d i r e c t l y  to  a 

c r a c k i n g / f r a c t i o n a t i o n  column. 

would be d i f f i c u l t  t o  reach ,  and reaching  them a l l  would be v i r t u a l l y  

impossible .  

Obviously each of  these t e c h n i c a l  targets 

The va r ious  combinations r e s u l t e d  i n  t o t a l  annual  c o s t s  up t o  50 o r  

more percent  lower than  the  convent iona l  Base Case for both Eas te rn  and 

Western shales (wi th  the  former remaining about  three times as c o s t l y  as - 
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the  l a t t e r ) .  However, because the  assumptions made were so  extreme, t h a t  

p o t e n t i a l  cost r educ t ion  should be taken t o  mean only t h a t  there is no 

ev iden t  theoretioal barrier t o  a compet i t ive  b e n e f i c i a t i o n  p rocess ;  t h e  

i s s u e ,  rather, is how c l o s e  we can come t o  t he  t h e o r e t i c a l  l i m i t s  i n  each 

s t e p .  I n  a d d i t i o n ,  t h e  t o t a l  c o s t s  of a shale-der ived t r a n s p o r t a t i o n  

f u e l  must also inc lude  c o s t s  a r i s i n g  from o t h e r  p l a n t  s e c t i o n s  which w i l l  

u s u a l l y  show l i t t l e  o r  no r educ t ion  from in t roduc ing  b e n e f i c i a t i o n .  

Remote Recovery 

As noted p rev ious ly ,  kerogen concen t r a t e  may be t r anspor t ed  away from 

the  o r e  s i t e  for remote conversion o f  kerogen t o  o i l ,  e.g. by r e t o r t i n g .  

This  op t ion  arises from the  f a c t  t h a t  the kerogen concen t r a t e  is a 

reasonably r ich energy source ,  similar t o  some c o a l s  which can be and are 

economically t r a n s p o r t e d ,  rather than a l ean  rock which cannot be moved 

any s i g n i f i c a n t  d i s t a n c e  a t  reasonable  c o s t .  

b e n e f i t s  of  remote recovery,  i t  is important  t o  remember t h a t  

I n  a s s e s s i n g  the  c o s t s  and 

b e n e f i c i a t i o n  per  se enables  remote l o c a t i o n  of  only the  convers ion  

s e c t i o n ;  remote upgrading and r e f i n i n g  o f  raw shale o i l  can be done i n  a 

convent ional  system. Our a n a l y s i s  was confined t o  Western l o c a t i o n s  

because,  on ba lance ,  p l a n t s  process ing  Eas te rn  shales are l i k e l y  t o  have 

n e t  i n c e n t i v e s  to  remain a t  or ad jacen t  t o  t h e  o r e  si tes.  Unlike t h e  

Western s i t u a t i o n ,  the  socioeconomic, environmental ,  and c o n s t r u c t i o n  

problems should be no more seve re  a t  Eas te rn  o r e  s i t e s  than  a t  any 

reasonable  remote l o c a t i o n .  

Our estimate of s l u r r y  p i p e l i n e  c o s t s  is equ iva len t  t o  about  1 cen t  

per  mile per  contained barrel of  o i l  f o r  d i s t a n c e s  greater than  100 miles 
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or  so. Other a n c i l l a r y  c o s t s  can be expected.  The direct b e n e f i t s  due 

t o  r e l o c a t i n g  t h e  conversion s t e p  appear t o  be small ( cons ide r ing  

cons t ruc t ion  c o s t s  and regiona.1 l abor  and socioeconomic c o s t s ) .  
1 

The 

major e f f e c t  is reduc t ion  of perhaps go+% of  a l l  r e g i o n a l  a i r  p o l l u t a n t s  

emitted except  p a r t i c u l a t e s .  

temperature  gas r e a c t i o n s  a s soc ia t ed  wi th  r e t o r t i n g  (and downstream 

steps) and those  p l a n t  s e c t i o n s  a r e  elsewhere.  

Such p o l l u t a n t s  arise p r i m a r i l y  from high 

On ba lance ,  t he  op t ion  t o  recover  o i l  from kerogen remotely may be 

h e l p f u l  i n  some c i rcumstances ,  but  it is not  l i k e l y  t o  provide a major 

i n c e n t i v e  t o  switch t o  a benef ic ia t ion-based  system. 

Conclusions 

Recovering o i l  from Westerm shales by s u r f a c e  r e t o r t i n g  o f  o r e  is an 

expensive but  e s s e n t i a l l y  s t r a igh t fo rward  technology. 

r e t o r t i n g  are g e n e r a l l y  more complex and more expensive wi thout  

A l t e r n a t i v e s  t o  

s u f f i c i e n t l y  compensating advantages.  The c u r r e n t l y  feasible technology 

op t ions  for high-enrichment b e n e f i e i a t i o n  seem to  be no except ion  t o  t h a t  

g e n e r a l i z a t i o n  even though low-enrichment s e p a r a t i o n s  may be a t t r a c t i v e  

supplements t o  convent iona l  r e t o r t i n g  systems. Although b e n e f i c i a t i o n  is 

r e l a t i v e l y  more advantageous f o r  Eas te rn  shales (because r e t o r t i n g  c o s t s  

start higher ,  and sav ings  i n  r e t o r t s  must pay f o r  b e n e f i c i a t i o n ) ,  t h e  

t o t a l  o i l  c o s t s  are st i l l  much higher  than those  f o r  Western shales. 

High-enrichment b e n e f i c i a t i o n  systems can have some benefits which 

are d i f f i c u l t  t o  assess i n  t r a d i t i o n a l  engineering-economic terms, 

namely, enabl ing  e x p l o i t a t i o n  of  l ean  shales as well as r i c h  ones (and 

perhaps encouraging s u r f a c e  mining and l abor  sav ing)  and major r educ t ion  
w 
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of a i r  emissions (ex  p a r t i c u l a t e s )  i n  t he  o re  reg ion  through remote 

l o c a t i o n  o f  the kerogen conversion p l a n t .  However, these b e n e f i t s  are 

not  l i k e l y  t o  be d e c i s i v e  f o r  b e n e f i c i a t i o n  without  improvement i n  the 

t r a d i t i o n a l  economics r e l a t i v e  t o  convent iona l  o r e  r e t o r t i n g .  

Such improvement is c e r t a i n l y  p o s s i b l e  i n  p r i n c i p l e .  We cannot  

j u s t i f y  a development program now on high-enrichment b e n e f i c i a t i o n  bu t  we 

do recommend a modest program of basic and a p p l i e d  research. 

research ought t o  be aimed i n i t i a l l y  a t  the  fundamentals of shale 

comminution, c h a r a c t e r i z a t i o n ,  and s e p a r a t i o n ,  and a t  exp lo r ing  the  

f e a s i b i l i t y  of s u p e r c r i t i c a l  e x t r a c t i o n  f o r  o i l  recovery.  

That 



2. 7 NTRODUCTION -- - 
The purpose of t h i s  s tudy is %o a s s e s s  broadly t h e  p o t e n t i a l  

a t t r a c t i v e n e s s  of new l a rge - sca l e  systems f o r  recover ing  o i l  from o i l  

shale, systems which inco rpora t e  a b e n e f i c i a t i o n  s tep t o  i n c r e a s e  kerogen 

concen t r a t ion  s u b s t a n t i a l l y  i n  the feed t o  a retort or other s t e p  f o r  

conver t ing  kerogen t o  o i l .  

The enormous magnitude of o i l  shale depos i t s  i n  the  United S t a t e s  is 

wel l  known. More o i l  is  contained i n  the  r i c h  t h i c k  d e p o s i t s  of 

Colorado 's  Piceance Basin o i l  shales a lone  than i n  a l l  t h e  proved 

petroleum r e s e r v e s  i n  t he  Middle East. However, a d e p o s i t  is no t  a 

r e se rve .  A depos i t  becomes a r e se rve  only when e x p l o i t a t i o n  of t h a t  

depos i t  becomes t e c h n i c a l l y  and economically feasible. 

Recovery of o i l  from shale is not  c u r r e n t l y  economically feasible by 

normal commercial c r i t e r i a  even though it is t e c h n i c a l l y  f e a s i b l e .  

Therefore ,  there has been no commercial product ion of  shale o i l  i n  the  

United States f o r  over a century .  

t h e  U.S. before the first s u c c e s s f u l  petroleum well was d r i l l e d  i n  

1859.) As of the  date of  t h i s  w r i t i n g ,  no U.S. commercial-size shale o i l  

p l a n t  is under cons t ruc t ion  or d e f i n i t e l y  committed f o r  cons t ruc t ion  w i t h  

the  s i n g l e  except ion  o f  Union O i l  Company's 10,000 ba r re l /day  module i n  

Colorado. And t h a t  module w i l l  r e c e i v e  a s s i s t a n c e  from t h e  U.S. 

S y n t h e t i c  Fuels  Corporat ion i n  t he  form o f  p r i c e  gua ran tees  for i t s  

product  w i th  an u l t i m a t e  maximum government l i a b i l i t y  o f  $400!4; c u r r e n t  

estimates of the t o t a l  c o n s t r u c t i o n  c o s t  o f  t h e  module are about  $570M. 

(Shale o i l  was a commercial product  i n  

The c e n t r a l  economic problem i n  recover ing  o i l  from shale is the  fact  

t h a t  even r ich s h a l e s  are l e a n  o res .  That is, only about 10-15% of the  

1 
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mass o f  r i c h  shales is recoverable  as  marketable energy. 

85-901 is worse than worthless; a c o s t  is incur red  i n  d i spos ing  o f  the  

r e s idue  acceptably.  By c o n t r a s t  w i th  o t h e r  f o s s i l  f u e l  l lores , l l  

e s s e n t i a l l y  100% of petroleum (ex  water) and n a t u r a l  gas, and perhaps 

70-901 of  most coals c o n s i s t  o f  energy, i . e . ,  burnable  material. 

Therefore ,  large amounts o f  shale rock must be mined, handled, processed,  

and disposed o f  i n  o rde r  t o  recover  a r e l a t i v e l y  small amount o f  shale 

o i l  by t r a d i t i o n a l  methods o f  s u r f a c e  r e t o r t i n g ;  t h a t  is expensive.  

The remaining 

I n  some l o c a t i o n s ,  a second key problem e x i s t s :  heavy burdens 

imposed by the p a r t i c u l a r  l oca t ion .  Colorado's Piceance Basin 

i l l u s t r a t e s  the  problem. The t e r r a i n  is d i f f i c u l t ,  making c o n s t r u c t i o n  

expensive.  Water s u p p l i e s  are l i m i t e d ;  t he i r  use  f o r  energy purposes  

provokes s e r i o u s  social and i n s t i t u t i o n a l  debate even i f  the convent iona l  

economics are clear. Populat ion is sparse; the  i n f r a s t r u c t u r e  does not  

e x i s t  t o  provide and suppor t  the  people needed t o  b u i l d  and o p e r a t e  an  

indus t ry .  Environmental s t r i c t u r e s  may l i m i t  the s ize  of  the i n d u s t r y  

suppor tab le ,  o r  a t  least r e q u i r e  more ex tens ive  (and expensive)  emission 

c o n t r o l s .  

One t e c h n i c a l  approach t o  the lean-ore problem is i n  s i t u  recovery.  

By l eav ing  a l l  o r  most o f  t h e  rock i n  t h e  ground and process ing  i t  there, 

materials handl ing problems are reduced. Seve ra l  methods o f  i n  s i t u  

recovery have been proposed and researched, most conspicuously by 

Occidenta l  and its s u b s i d i a r i e s .  

demonstrated-oil  can be produced-economic f e a s i b i l i t y  has no t  and t h e  

f u t u r e  f o r  i n  s i t u  recovery is no t  clear. 

Although t e c h n i c a l  f e a s i b i l i t y  has been 

A d i f f e r e n t  t e c h n i c a l  approach is proposed i n  t h i s  s tudy:  

bene f i c i a t ion .  Benef ica t ion  is t h e  process  for conver t ing  a l ean  ore 
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i n t o  a r i c h  feed, thus  reducing some o f  t he  downstream materials 

process ing  and handl ing r equ i r ed .  (Although, o f  course ,  adding the  
w 

b e n e f i c i a t i o n  s t e p  i tself .  ) Benef ic ia t ion  a lso o f f e r s  the  p o s s i b i l i t y  of  

t r a n s p o r t i n g  t h e  enr iched  feed a% reasonable  c o s t  t o  another  l o c a t i o n  f o r  

f u r t h e r  processing--thus avoiding some o f  t h e  problems o f  cons t ruc t ion  

and ope ra t ing  t h e  t o t a l  recovery system a t  the  s i te  o f  the  ore body. 

2.1 The Loaic o f  B e n e f i c i a t i c s  

Although b e n e f i c i a t i o n  o f  o i l  s h a l e  has  not  even been thoroughly 

researched, b e n e f i c i a t i o n  o f  metal-containing o r e s  is s tandard  commercial 

p r a c t i c e  i n  t h e  United S t a t e s .  Bene f i c i a t ion  o f  another  energy o r e ,  

c o a l ,  is p r a c t i c e d  widely on 8 commercial scale f o r  the  removal o f  i n e r t  

rock and some p y r i t e .  More s o p h i s t i c a t e d  methods f o r  c o a l  b e n e f i c i a t i o n  

can be expected i n  the  f u t u r e .  

The power of b e n e f i c i a t i o n  can be i l lus t ra ted  by the  fact t h a t  i t  

makes p o s s i b l e  the  commercial e x p l o i t a t i o n  o f  o r e s  t h a t  are even l e a n e r  

( i n  an economic sense )  than o i l  s h a l e  is. For example, copper o r e s  

con ta in ing  less than  0.5% copper are processed r o u t i n e l y ,  y i e l d i n g  less 

than $8 worth o f  r e f i n e d  metal pe r  ton of ore. Analogous numbers for 

molybdenum are about  $15/ton ore .  

y i e l d s  o i l  worth $25/ton o re  assuming t h a t  t h e  o i l  is valued a t  

By c o n t r a s t ,  30 ga l lon / ton  o i l  s h a l e  

$35/bar re l .  Therefore ,  t h e  not ion  t h a t  o i l  s h a l e  can be beneficiated 

commercially cannot be rejected o u t  of hand as having no p a r a l l e l  i n  

o t h e r  experience.  

We p i c t u r e  a system incorpora t ing  b e n e f i c i a t i o n  for o i l  shale 

W recovery t o  have t h e  fol lowing major s t e p s  conceptua l ly  (a l though n o t  
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n e c e s s a r i l y  l i t e r a l l y  s i n c e  some steps may be combined); they are a l s o  

shown i n  F igure  2-1: 

1. 

2. 

3 .  

4. 

Comminution of crushed shale (from s u r f a c e  o r  underground 

mining) t o  p a r t i c l e s  o f  I t l i b e r a t i o n  sizev1, i . e .  f i n e  enough so 

t h a t  i n d i v i d u a l  particles are p r i m a r i l y  kerogen o r  p r i m a r i l y  

mineral .  

Separa t ion  o f  t he  mixture o f  particles i n t o  two par ts ,  a 

kerogen-rich concen t r a t e  and a mineral-r ich tailings wi th  

d i s p o s a l  o f  the  t a i l i n g s ;  t h i s  s t e p  and the  preceding one w i l l  

occur  a t  o r  ad jacen t  t o  the  mine s i t e .  

Opt iona l ly ,  t r a n s p o r t  of the  concentrate ( for  example, by s l u r r y  

p i p e l i n e )  t o  another  l o c a t i o n  f o r  f u r t h e r  process ing;  the  o t h e r  

l o c a t i o n  may o f f e r  more f avorab le  cons t ruc t ion ,  socioeconomic, 

o r  environmental  cond i t ions ,  or may have e x i s t i n g  fac i l i t i es  

( e. g. , r e a c t o r  capacity) which can be used. 

Recovery of crude shale o i l  (and gas) from the  concen t r a t e  by 

r e t o r t i n g  o r  o t h e r  methods and d i s p o s a l  o f  the spen t  minera l  

matter, perhaps af ter  recover ing  energy from t h e  r e s i d u a l  carbon 

by combustion o r  g a s i f i c a t i o n .  

Compared t o  convent iona l  shale o i l  systems c o n s i s t i n g  o f  s u r f a c e  

r e t o r t i n g  o f  whole o re ,  systems inco rpora t ing  b e n e f i c i a t i o n  have 

p o t e n t i a l  advantages and disadvantages.  The most important  advantages 

are as fol lows:  

-- Enabling kerogen and shale o i l  recovery from l ean  shales as w e l l  

as r i c h  ones;  s u r f a c e  mining would be more a t t r a c t i v e  i f  l e a n  

shales i n  the  overburden could be processed. 
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Figure 2-1 
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Reducing the  mass o f  material processed (and t h u s  t h e  s i z e  o f  

the  r e t o r t  o r  other recovery equipment) j n  t he  recovery s t e p  t o  

y i e l d  a g iven  amount o f  o i l .  

Reducing the mass of  spen t  shale ( t h e  rock sub jec t ed  t o  

py ro lys i s )  generated and the  environmental  problems a s s o c i a t e d  

wi th  its d i s p o s i t i o n .  

I n  a d d i t i o n ,  a b e n e f i c i a t i o n  process  o f  t h e  type  we are 

considering-one t h a t  r e s u l t s  i n  very high enrichment of f i n e l y  d iv ided  

ore--has the  p o t e n t i a l  fo r :  

-- Transpor t ing  the  enriched material i n  a s l u r r y  p i p e l i n e  ou t  o f  

the  o i l  shale reg ion  f o r  remote process ing ,  as noted above. 

-- Using technologies  o t h e r  than ,  and perhaps s u p e r i o r  t o ,  

r e t o r t i n g  f o r  recovery o f  o i l  from t h e  kerogen. 

The most important  corresponding disadvantages are as fol lows:  

-- Cost of the b e n e f i c i a t i o n  process  (capi ta l ,  energy,  water, o r e  

loss, o t h e r  ope ra t ing  c o s t s ) .  

-- Large t a i l i n g s  stream f o r  d i s p o s a l .  

-- P o s s i b l e  problems i n  handl ing and s e p a r a t i n g  f i n e  particles 

during o i l  recovery.  

The e s s e n t i a l  t rade-of f  is obvious: can the  c o s t  ( l lcost l l  i n  a l l  

s enses )  o f  adding t h e  high-enrichment b e n e f i c i a t i o n  process  be o f f s e t  by 

the  b e n e f i t s  ( aga in ,  i n  a l l  s enses )  o f  easier o i l  recovery? Answering 

t h a t  ques t ion  is t h e  major o b j e c t i v e  of t h i s  s tudy.  

We d i d  not  examine low-enrichment ( say  30% t o  50%) b e n e f i c i a t i o n ,  

ach ievable  by d e n s i t y  s e p a r a t i o n s  f o r  example. Such s e p a r a t i o n s  are 

under commercial i n v e s t i g a t i o n  and are p o t e n t i a l l y  a t t r a c t i v e  s i n c e  they 

are r e l a t i v e l y  inexpensive and can cap tu re  r e t o r t  credi ts  d i r e c t l y .  

rc 

1, 



2-7 

2.2 Current  S t a t u s  
w 

There is a modest degree o f  eurroent i n t e r e s t  i n  o i l  shale 

b e n e f i c i a t i o n  methods; two recent.  reviews (Refs. 1,2) describe much of 

t h e  a c t i v i t y .  

p rocesses  which use  d i f f e r e n c e s  i n  dens i ty  t o  separate particles o f  

crushed o re  which are s u b s t a n t i a l . 1 ~  larger than the  particle l i b e r a t i o n  

s i z e .  I n  effect  such methods tend to  separate n a t u r a l l y  r ich o r e  s t ra ta  

Most of  the  publ ished p r iva t e - sec to r  work is devoted t o  

from n a t u r a l l y  l ean  strata rather* than s e p a r a t i n g  ( i n  p r i n c i p l e )  discrete 

mineral  particles which have been detached from discrete kerogen 

particles.  (Without g r ind ing  t o  l i b e r a t i o n  s i z e s ,  it is impossible t o  

achieve high enrichment r a t i o s  and high r ecove r i e s  s imultaneously by 

d e n s i t y  methods a lone .  ) 

Densi ty  forms an obvious basis f o r  s e p a r a t i o n  s i n c e  t h e  d e n s i t y  of 

t h e  kerogen averages  about  1.07 and the  d e n s i t y  o f  the  minera ls  averages  

about  2.7 i n  Western shale. The mixtures  which c o n s t i t u t e  t he  n a t u r a l  

o re s  thus  cover  a range i n  dens i ty  as i l l u s t r a t e d  below: 

Gal/Ton Assay Average Density 

15 2.42 

30 2.15 

45 1.94 

60 1.80 

I n  a r e c e n t  p u b l i c a t i o n ,  Larson (Ref. 3 )  of Gulf used heavy media of 

d i f f e r e n t  d e n s i t i e s  t o  make s i n k - f l o a t  s e p a r a t i o n s  of shale samples; 

however there is no r e p o r t  about  the  research procaeding to development 

or fur ther  stages. An important  observa t ion ,  which illustrate8 t h e  

I l i m i t a t i o n s  of d e n s i t y  s e p a r a t i o n  for s imultaneous h igh  enrichment and 
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high recovery,  was t h a t  there was no d i f f e r e n c e  i n  r e s u l t s  wi th  o r e  

ground t o  45 microns (still well above t h e  l i b e r a t i o n  s i z e )  compared t o  

crushed o r e  i n  t h e  1/4- t o  3-inch range. 

Roberts and Schaefer  Resource Se rv ice  (Ref. 4 )  has a l s o  r e c e n t l y  

r epor t ed  s e p a r a t i o n  o f  l e a n  (12-13 g a l / t o n )  o r e s  i n t o  concen t r a t e s  and 

tailings i n  a heavy-medium cyclone ( d e n s i t i e s  o f  about  2 t o  2 .4) .  

Kerogen recovery f e l l  o f f  sha rp ly  as enrichment r a t i o  increased .  

f o r  f u r t h e r  work on the  cyclone s e p a r a t i o n  are no t  clear. 

P lans  

Natura l  o r  induced o p t i c a l  p r o p e r t i e s  have been used (Refs. 1 ,5)  t o  

separate o r e s  i n t o  l e a n  and r i c h  c u t s .  But aga in ,  t h e  p o t e n t i a l  f o r  

enrichment is l i m i t e d  (as w i t h  d e n s i t y  s e p a r a t i o n s )  and no development 

work is repor t ed  under way. 

High-enrichment b e n e f i c i a t i o n  has been researched abroad on European 

shales f o r  some y e a r s  (e.g., Refs. 6 , 7 ) .  I n  fact ,  c u r r e n t  i n t e r e s t  i n  

the  U.S. was s t imu la t ed  by t h e  1979 paper o f  Fahlstrom o f  Boliden AB i n  

Sweden (Ref. 8 ) .  Fahlstrom stated t h a t  Bol iden ' s  p r o p r i e t a r y  methods of 

g r ind ing  and f r o t h  f l o t a t i o n  would g ive  concen t r a t e s  wi th  about  four-fold 

kerogen enrichment a t  90% kerogen recovery from Colorado shales; such 

concen t r a t e s  could provide t h e  basis f o r  a s u p e r i o r  shale o i l  recovery 

sys tem.  However, Bcl iden has dec l ined  t o  provide f u r t h e r  in format ion  and 

has been r epor t ed  as doing no f u r t h e r  work (Refs. 1 , 9 ) .  

Past reviews a l l u d e  t o  the  t e c h n i c a l  f e a s i b i l i t y  o f  high-enrichment 

b e n e f i c i a t i o n  (e.g. ,  Ref. l o ) ,  c i t i n g  research both here and abroad. 

However, au tho r s  l i k e  Williamson (Ref. 10) and more r e c e n t l y  Reisberg 

(Ref. 11 ) have been gene ra l ly  pessimistic about commercial 

app l i cab i l i t y - -usua l ly  on the  grounds o f  high g r ind ing  c o s t s .  
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The l e v e l  o f  c u r r e n t  U.S. a c t i v i t y  on high-enrichment processes  is  

I low, judging by publ ished material. The only p r iva t e - sec to r  work 

publ ished i n  r ecen t  years has been t h a t  o f  Reisberg of Shel l  (Ref. 11 ) . 
However, Reference 1 r e p o r t s  t h a t  TRW Energy Systems is working on a 

p r o p r i e t a r y  process  us ing  a s i n g l e  unspec i f ied  l i q u i d  which can recover  

up t o  98% of  the  kerogen i n  10-mesh shale ore  wi th  up t o  10-fold 

enrichment r a t i o s !  SRI has U.S. Department o f  Energy suppor t  f o r  

research on f r o t h  f l o t a t i o n ;  no major r e p o r t  has been publ ished y e t  bu t  

some i n i t i a l  data, e.g., as r epor t ed  by Ref. 1 ,  show r e s u l t s  less 

promising than  those claimed by Fahlstrom (Ref. 8) .  

To sum up, there seems t o  be a slow a r o u s a l  o f  i n t e r e s t  i n  o i l  shale 

b e n e f i c i a t i o n  i n  r e c e n t  yea r s  bu t  t h e  l e v e l  is st i l l  q u i t e  low as judged 

by the amount o f  work p u b l i c l y  funded o r  p r i v a t e l y  funded and publ ished.  

There are some i n d i c a t i o n s  that c a n c e l l a t i o n s  and de lays  of commercial 

shale o i l  ven tu res  are encouraging people t o  r e t h i n k  the  t o t a l  

t echno log ica l  systems, and t h a t  may r e s u l t  i n  more a t t e n t i o n  t o  

b e n e f i c i a t i o n .  

2.3 The Scope o f  Th i s  Report  

The s t u d i e s  included i n  t h i s  r e p o r t  are l imi t ed  i n  scope t o  the  

fo l lowing  e x t e n t :  

-- 
-- Mining a l t e r n a t i v e s  were no t  examined; t he  feedstock was always 

No exper imenta l  work was undertaken. 

assumed t o  be t h e  product  o f  the  secondary crusher a t  the  mine 

s i te .  
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-- No s e p a r a t e  upgrading o r  r e f i n i n g  s t e p  was examined; t he  product  

was always assumed t o  be raw shale o i l  ( p l u s  a s s o c i a t e d  gas and 

carbon) although aome modest degree of upgrading may occur  

i n c i d e n t a l l y  i n  some oil recovery processes  considered.  

Only b e n e f i c i a t i o n  processes  capable o f  high enrichment a t  h i g h  

r e c o v e r i e s  were cons idered;  we d i d  not  examine low-enrichment 

b e n e f i c i a t i o n  (e. g., by d e n s i t y  s e p a r a t i o n  o f  crushed rock)  

which may be a t t r a c t i v e  but  could not  change t h e  e s s e n t i a l  

technology or l o c a t i o n  o f  the  o i l  recovery s t ep .  

-- 

The fo l lowing  s e c t i o n s  c o n s t i t u t e  the  remainder o f  the  r e p o r t :  

Base Case Systems 

A comparison of Tosco X I  s u r f a c e  r e t o r t i n g  of  o re  and of a 

kerogen concen t r a t e  prepared by b a l l  m i l l i n g  and f r o t h  

f l o t a t i o n .  Comparisons inc lude  both capital  and o p e r a t i n g  c o s t s .  

Comminution A l t e r n a t i v e s  

L imi t a t ions  o f  b a l l  m i l l i n g ;  proposed new methods of  comminuting 

o i l  shale t o  p a r t i c l e - l i b e r a t i o n  s i z e s  i n c l u d i n g  d i s c u s s i o n s  of 

.energy consumption and c o s t  c o n s i d e r a t i o n s  i n  the  s e v e r a l  

a l t e r n a t i v e s .  

Sepa ra t ion  A l t e r n a t i v e s  

Properties of  kerogen and mineral  mat te r  which can s e r v e  as t h e  

basis f o r  a s e p a r a t i o n  p rocess ,  and some s e p a r a t i o n  e f f i c i e n c i e s  

f o r  f r o t h  f l o t a t i o n  and f o r  a l t e r n a t i v e  processes .  Discussion 

of  engineer ing  and c o s t  a s p e c t s .  
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Recovery A l t e r n a t i v e s  

Processes  f o r  recover ing  o i l  from kerogen concen t r a t e  which may 

be s u p e r i o r  t o  Tosco I1 r e t o r t i n g  i n  terms of o i l  y i e l d  o r  

q u a l i t y ;  some estimates of performance and c o s t .  

A l t e r n a t i v e  Systems 

Examination o f  Base Case technology f o r  o t h e r  ope ra t ing  

assumptions,  and eva lua t ion  o f  o t h e r  system technologies  and 

parameters needed t o  make b e n e f i c i a t i o n  more a t t r a c t i v e .  

Remote Recovery 

Advantages and disadvantages o f  t r a n s p o r t i n g  the  kerogen 

concen t r a t e  away from t h e  o re  s i t e  t o  more desirable l o c a t i o n s  

a t  va r ious  d i s t a n c e s  from t h e  s i te .  

R&D Oppor tun i t i e s  

Technical  ques t ions  on which research seems j u s t i f i e d  on the  

grounds t h a t  there is p o t e n t i a l  f o r  an a t t r a c t i v e  

benef ic ia t ion-based  system. 

D r .  I. V. Klumpar of  the  Energy Laboratory prepared a l l  the  d e t a i l e d  

f lowshee ts  and c o s t  estimates repor t ed  and wrote most o f  Sec t ions  3 ,  6, 

and 7 and t h e  appendices.  Prof .  C. R. Pe te rson  of the Department of 

Mechanical Engineering wrote most o f  Sec t ion  4 ,  llComminution 

Al te rna t ives" .  Prof  T. A. Ring o f  the Department o f  Materials Science 

and Engineering wrote most o f  Sec t ion  5,  I1Separation Al te rna t ives" .  D r .  

M. A. Weiss of the  Energy Laboratory was P r i n c i p a l  I n v e s t i g a t o r  and wrote 

most o f  the  remainder o f  the r e p o r t .  





3. BASE CASE SYSTEMS WITH AND WITHOUT BENEFICIATION 

In  o rde r  t o  assess the p o t e n t i a l  b e n e f i t s  of i nco rpora t ing  o r e  

b e n e f i c i a t i o n  i n t o  a shale o i l  recovery system, t h e  most d i r e c t  approach 

simply compares systems with and without  b e n e f i c i a t i o n .  

comparison is made i n  t h i s  s e c t i o n  f o r  "Base Case1' systems, t h a t  is ,  

systems based on technology tha t  seems l i k e l y  t o  perform reasonably as 

assumed even though the  technology has  not  been demonstreted on a 

commercial scale or even on a pilot ,  p l a n t  scale i n  some r e s p e c t s .  

s p e c u l a t i v e  systems a r e  considered i n  subsequent s e c t i o n s .  

Such a 

More 

3 .1  Scope o f  t h e  Base Case 

As one of  the  o b j e c t i v e s  of  t h i s  s tudy  is t o  ana lyze  s e v e r a l  o i l  

shale b e n e f i c i a t i o n  and e x t r a c t i o n  a l t e r n a t i v e s ,  a common p o i n t  of 

depa r tu re  is needed f o r  t h e i r  comparison. Accordingly,  Base Case systems 

were selected and def ined  f o r  mining through recovery of  raw s h a l e  o i l ;  

t h e  mining s t e p  is included because increased  mining c o s t s  are incu r red  

i f  kerogen recovery i n  the  b e n e f i c i a t i o n  s t e p  is less than  1002, a l though 

t h a t  i n c r e a s e  may be o f f s e t  if o i l  y i e l d  from kerogen concen t r a t e  i n  the 

recovery s t e p  exceeds t h e  y i e l d  from convent iona l  retorting. Upgrading 

and r e f i n i n g  were not  included because t h e  impact of  b e n e f i c i a t i o n  on 

those  s t e p s  should be minor. 

For the  convent iona l  a l t e r n a t i v e ,  i .e. wi thout  b e n e f i c i a t i o n ,  t h e  

TOSCO I1 process  as app l i ed  i n  t h e  Colony Project (Ref. 12) is used as 

t h e  Base Case. Colony was t h e  proposed commercial p l a n t  on which most 

t e c h n i c a l  and economic informat ion  were a v a i l a b l e  when t'nis s tudy  

u 
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started. 

concen t r a t e s ,  though some mod i f i ca t ions  t o  t h e  convent iona l  r e t o r t  t r a i n  

are needed, unlike most o r  a l l  of t he  o t h e r  s u r f a c e  r e t o r t i n g  systems i n  

advanced development i n  the U.S. TOSCO I1 w i l l  be referred t o  as "shale 

pyro lys i s r1  i n  t h i s  r e p o r t .  The raw shale i n p u t  and o i l  p roduct ion  f o r  

Colony are 66 k t ons  and 50 k b b l s  per  stream day, r e s p e c t i v e l y .  

t h e  only non-benef ic ia t ion  a l t e r n a t i v e  considered because i t  is not  a 

purpose o f  t h i s  s tudy  t o  compare processes  f o r  t h e  e x t r a c t i o n  o f  o i l  from 

non-beneficiated shale. 

I n  a d d i t i o n ,  TOSCO I1 r e t o r t i n g  seems able t o  handle kerogen 

T h i s  is 

For the  Base Case w i t h  b e n e f i c i a t i o n ,  b a l l  m i l l i n g  and f r o t h  

f l o t a t i o n  followed by concen t r a t e  p y r o l y s i s  by a modified TOSCO p rocess  

were s e l e c t e d .  F ro th  f l o t a t i o n  is the  most widely used technology i n  t h e  

concen t r a t ion  of n a t u r a l  r e sources  con ta in ing  less than  20% of  t h e  

c o n s t i t u e n t  sought. 

been i n v e s t i g a t e d  by s e v e r a l  o t h e r  researchers, e.g. Ref. 8 ,  13. A block 

diagram o f  the  bene f i ca t ion  process  is shown i n  F igure  3-1. 

The a p p l i c a t i o n  of  f r o t h  f l o t a t i o n  t o  o i l  shale has 

3.2 Ore S p e c i f i c a t i o n  and Mining TechnoloRy 

To bracke t  a reesonable  range of  p o t e n t i a l  o i l  shale types ,  two o r e s  

were s e l e c t e d ,  a r i c h  Western and a l e a n  Eas te rn  shale. T h e i r  

s p e c i f i c a t i o n s  are i i s ted  i n  Table 3-1. The Western o r e  is the  o r e  

planned f o r  t h e  Colony project (Ref. 12) .  

( R e s u l t s  f o r  the  Eas te rn  o r e ,  whose p r o p e r t i e s  were obta ined  from 

Reference 15, are d iscussed  i n  Sec t ion  7.) A f o u r f o l d  enrichment by 

b e n e f i c i a t i o n  is pos tu l a t ed  f o r  the Base Case with the  o t h e r  

It is used i n  t h e  Base Case. 
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Table  3-1 

Typica l  O i l  Shale S p e c i f i c a t i o n s  

Western Shale Eas t e rn  Shale 

O i l  Content (Fischer  assay) 35 g a l / t o n  
- 

Average Mineral  Composition: 
Compos i ti  on 

Mineral  w t .  % 

Dolomite 32 
Calcite 16 
Q u a r t z  15 
I l l i t e  19 
Alb i t e  10 
K feldspar 6 
P y r i t e  1 

1 Ana l c  ime 

T o t a l  100 

- 

Probable Composition o f  Organic Matter: 
Average 

Component w t .  % organ ic  matter 

Carbon 80.52 
Hydrogen 10.30 
Nitrogen 2.39 
S u l f u r  1.04 
Oxygen 5.75 
H/C atomic ratio 1.54 

L i b e r a t i o n  Particle Size :  90% less than  20 microns;  
mass median, 5 microns 

Moisture  1% 

O i l  con ten t  (F ischer  assay) 

Average Mineral  Composition: 

10 g a l / t o n  

Composition 
Mineral  w t .  % 

Q u a r t z  22 
Fe ldspar  9 
I l l i t e  8 minor k a o l i n i t e  31 

and muscovite 31 
Carbon 13.6 
T o t a l  Organic Matter 16-22 
P y r i t e  and marcasite 11 
Chlorite 2 
I r o n  oxides 2 
Tourmaline, z i r c o n ,  and a p a t i t e  1 

W 
I 
fc Probable Composition of Organic Matter: 

Average 
Component w t .  % organ ic  matter 

Carbon 
Hydrogen 
Nitrogen 
S u l f u r  
Oxygen 
H/C atomic r a t i o  

82.0 
7.4 
2.3 
2.0 
6.3 
1.08 

L i b e r a t i o n  Particle S ize :  90% less than  20 microns 
mass median, 5 microns 

Mo is t u r e  5% 

*Sources: References 12, 15, 47 
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c h a r a c t e r i s t i c s  der ived  from the  f l o t a t i o n  process  des ign  t o  be d iscussed  

later. The enrichment r a t i o  of  four  is wi th  the  range claimed by 
I 

Fahlst rom (Ref. 8 ) .  

The o re  is assumed t o  be inined by the room and p i l l a r  method as 

descr ibed  i n  Colony's environmental. documentation (Ref. 16) .  The mining 

s e c t i o n  inc ludes  primary crushing ,  coarse  raw shale s t o r a g e ,  secondary 

c rushing  ( t o  0.5 i n c h ) ,  enclosed s t o r a g e  of crushed shale, t he  l i n k i n g  

b e l t  conveyor system, spen t  shale d i s p o s a l ,  and the  requLred t ruck  

f leet .  Cone and impact c rushe r s  are considered f o r  primary and secondary 

c rush ing ,  r e s p e c t i v e l y .  The spent  shale is disposed of  by mixing with 

o t h e r  s o l i d s ,  spreading  i n  a nearby gulch ,  and compacting. 

3 . 3  Comminution by Ball M i l l i n g  

As the  primary and secondary c rushing  stages are not  affected by the  

va r ious  p rocess  a l t e r n a t i v e s  we are examining, the  term "comminution" 

w i l l  be used i n  t h i s  r e p o r t  only f o r  the  t e r t i a r y  and any subsequent 

stages which are i n v e s t i g a t e d  s e p a r a t e l y  wi th  each a l t e r n a t i v e .  There is 

no comminution i n  the  Base Ca3e wi thout  b e n e f i c i a t i o n .  For f l o t a t i o n ,  

the  crushed o r e  is ground t o  less than  40 microns i n  a two-stage b a l l  

m i l l  system shown i n  F igure  3-2. 

The crushed shale is mixed wi th  water and fed t o  feed cyclones of the 

first g r ind ing  stage. The coa r se  f r a c t i o n  passes  t o  the ba l l  m i l l s  

t oge the r  wi th  material from the recycle cyclones.  The f i n e s  from both 

sets of cyclones are pumped t o  t he  second g r i n d i n g  stage which c o n s i s t s  

of t he  same type  of  equipment; as the first stage. Design cri teria,  major 

equipment s p e c i f i c a t i o n s  and requirements  f o r  materials, u t i l i t i e s  and 

l abor  are l i s t ed  i n  Tables 3-2, 3-3 ,  and 3-4, r e s p e c t i v e l y .  

W 
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Table 3-2 

Design Criteria - 
A. 
1. 

2. 

B. 
1. 

P y r o l y s i s  and F r a c t i o n a t i c z  
Material Balance 
Raw shale, k t o n d d a y  
Shale  o i l  recovery,  % 
Moisture ,  %, raw s h a l e  

spen t  shale 
p y r o l y s i s  vapor 

P y r o l y s i s  vapors ,  l b s / l b  sha:Le 
Frac t iona t ion  products ,  wt.. % 

gas 
naphtha 
gas  o i l  
bottoms o i l  

Balls, l b s / l b  s h a l e  

Temperatures, OF 
Shale  feed after preheater. 
Shale feed t o  r e t o r t  
Balls t o  r e t o r t  
Flue gas after p r e h e a t e r  
Spent shale a f t e r  coo le r  
Spent shale after moi s tu r i ze r  

B e n e f i c i a t i o n  
Material Balance 
Raw shale, k tons/day 
Enrichment f a c t o r  
Bene f i c i a t ion  e f f i c i e n c y ,  % 
Overa l l  water l o s s e s ,  % 
S p e c i f i c  g r a v i t i e s :  s h a l e  

Pu lp  d e n s i t i e s ,  5 :  f l o t a t i o n  feed 
kerogen 

concen t r a t e  s l u r r y  
t a i l ings  s l u r r y  

Moisture ,  8 :  t a i l i n g s  f i l t e r  cake 
concen t r a t e  f i l t e r  cake 
concen t r a t e  p e l l e t s  
p e l l e t s  t o  d rye r  
pe l le t s  a f t e r  dryer  

66 
90 

14 
1.4 

? .2 
0.182 

25.1 
10.4 
45.6 
18.9 

1.5 

500 
900 

1300 
130 
300 
200 

75 
4 
88 
5 
2.2 
1.07 

15 
25 
13 
25 
20 
10 
20 
10 

2. Grinding Power Requirements, kWh/ton 
Work index 38 

Regrind, 40 t o  20 microns 

F i r s t  stage, 0.5" t o  100 mesh 25 
Second stage, 100 mesh t o  40 microns 26 

22 

3 .  Equipment Parameters 
F l o t a t i o n  res idence  time (based an f e e d ) ,  min. 8 
F i l t r a t i o n  c a p a c i t y ,  ga l / f tZ /hy ,  t a i l i n g s  50 

concen t r a t e  25 



Table 3-3 

Major B e n e f i c i a t i o n  Equipment 

F i r s t  stage b a l l  m i l l s :  

24'  d i a  x 36' 

Motors: 4400 HP 

Second stage b a l l  mills, same specs  

Motors: 4400 HP 

Rougher and middling cel ls ,  1000 f t 3  

Regrind ball  mills: 

24'  d i a  x 36' 

Motors: 4400 HP 

Rougher cleaner ce l l s ,  300 f t 3  

Middling cleaner ce l l s ,  300 f t j  

Tailings cleaner cells, 300 f t  3 
.. 

T a i l i n g s  f i l ters ,  3000 f t L  

T a i l i n g s  f i l t e rs ,  3000 f t 2  

Rotary d r y e r s ,  15' d i a  x 60'; 450 HP 

Pelletizers, 14' d i a ;  54 HP 

12 

24 

12 

24 

56 

3 

6 

25 

52 

18 

22 + 4*  

10 + 2 1  

8 

14 + 2*  

"Standby equipment. 
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Tab le  3-4 

Requirements for Mate r i a l s ,  Util i t ies,  and Labor 

1. Process  Materials, lbs/ton d r y  feed 

Grinding ba l l s ,  forged :steel ,  s t a g e  1 0.8 
c a s t  s t e e l ,  s t a g e  1 0.7 
c a s t  s t e e l ,  s t a g e  2 1 . 1  
cast s t e e l ,  r eg r ind  1 * 1  

Co 11 ec t o r  
Condit ioner  
F ro  ther 
P y r o l y s i s  ba l l s  

2. Ut i l i t ies  

Fuel ,  M Btu/hr 
Power, MW 
Make-up Water, k gal /min 
Steam, gene ra t ed ,  k l b / h r  
A i r * ,  k scfm 

3. Manning 

Grinding 
F1 o t a  t ion  
Sha le  p y r o l y s i s  
Concentrate  p y r o l y s i s  

- 

0.1 
7.0 
0.2 
2.0 

Shale  Concentrate  
b r o l y s i s  P y r o l y s i s  Bene f i c i a t ion  

1300 500** 250 
0.44 0.11 180 
3.2 0.7 7 
120 40 - 

1 I 0.3 5 

37 
42 
94 
54 

*Power included above. 
**Includes heat required to evaporate water in concentrate. 
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Based on Swedish and SRI experimental  work (Ref. 8 , 1 3 ) ,  t h e  

comminution s e c t i o n  was designed i n  more d e t a i l  us ing  copper i n d u s t r y  

p r a c t i c e s .  

s i z e  and power requirements .  

repor ted  f o r  o i l  shale (Ref. 17) is one of the  h ighes t  among minera ls  and 

The key parameter is the  work index that c o n t r o l s  equipment 

The b a l l  mill work index range of  16 t o  78 

f o s s i l  f u e l s .  

3 . 4  Separa t ion  by F ro th  F l o t a t i o n  

I n  f r o t h  f l o t a t i o n ,  f i n e l y  ground o i l  shale i n  a water s l u r r y  is 

st irred wi th  f ro th  forming agen t s  i n  a set of f l o t a t i o n  cells. 

kerogen-rich p a r t i c l e s  concen t r a t e  i n  t he  f r o t h  while  the  t a i l i n g s  

particles depleted of kerogen s t a y  i n  the  bulk  of  l i q u i d .  

concen t r a t e  and t a i l i n g s  are subsequent ly  separated as overflow and 

underflow, r e s p e c t i v e l y .  To i n c r e a s e  the  process  e f f i c i e n c y ,  t he  process  

is staged.  The concen t r a t e s  from the  first two s t a g e s  a r e  reground and 

r e f  l o a t  ed . 

The 

The 

L i g h t  a l c o h o l  is used as the  f r o t h e r .  The adhesion of kerogen-r ich 

p a r t i c l e s  t o  the  a i r  bubbles is  enhanced by c o l l e c t o r s  such as p ine  o i l  

o r  medium b o i l i n g  sh,ile o i l .  The pH o f  t he  s l u r r y  is maintained i n  the  

s l i g h t l y  a l k a l i n e  reg ion  by adding lime as a cond i t ione r .  

The f l o t a t i o n  process  is shown i n  Figure 3-3. Design cri teria,  major 

equipment s p e c i f i c a t i o n s ,  and requirements  f o r  materials, u t i l i t i e s  and 

l abor  are l i s t e d  i n  Tables 3-2, 3-3, and 3-4, r e s p e c t i v e l y .  The material 

ba lance  f o r  the e n t i r e  b e n e f i c i a t i o n  p l a n t  is included i n  F igure  3-1. 

The shale-water s l u r r y  from t h e  second g r ind ing  stage toge the r  w i t h  the  

f r o t h  forming agen t s  is pumped t o  t h e  rougher c e l l s .  The underflow 

1 
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goes t o  the  middling cells and from there, i n  t u r n ,  t o  the t a i l i n g s  

tank. The overflow from the  rougher and middling c e l l s  is reground 

s e p a r a t e l y  i n  b a l l  mills and fed t o  the rougher and middling c l e a n e r  

cells ,  r e s p e c t i v e l y ,  each comprising three stages. 

The complex r e c y c l i n g  system among these stages and the  r e g r i n d  m i l l s  

is apparent  i n  Figure 3-3. The underflow o f  t h e  las t  rougher c l e a n e r  

stage is r e f l o a t e d  i n  the  two-stage t a i l i n g s  c l e a n e r  cel ls  wi th  an  

i n t e r s t a g e  r ecyc le .  The overflow from the  first stages of a l l  c l e a n e r  

ce l l s  is the f i n a l  concen t r a t e  while  the  underflow from the  last middling 

and tailing c l e a n e r  stage passes  t o  the  t a i l i n g s  tank. 

The Dewatering S e c t i o n s  of t h e  b e n e f i c a t i o n  p l a n t  are shown i n  

Figure 3-4. The c o n c e n t r a t e  and t a i l i n g s  s l u r r i e s  are both first 

f i l t e red .  The t a i l i n g s  f i l t e r  cake is trucked t o  the  spen t  shale 

d i s p o s a l  area (see Sec t ion  3.2) w h i l e  the  c o n c e n t r a t e  f i l t e r  cake is 

p e l l e t i z e d ,  d r i e d ,  and conveyed t o  Pyro lys i s .  The f i l t ra tes  are recyc led  

t o  Grinding. 

3.5 P y r o l y s i s  

The process  des i zn  o f  P y r o l y s i s  was based c h i e f l y  on the  

environmental  documentation o f  t h e  Colony Project (Ref. 16). The 

flowsheet f o r  the  Base Case without  b e n e f i c i a t i o n  is shown i n  Figure 3-5 

whi le  t h e  design cri teria are l i s t e d  i n  Table 3-2. 

paral le l  t r a i n s .  The raw shale from the  second stage c rushe r  is 

The p l a n t  has s i x  

preheated with f l u e  gases from the  b a l l  heater and fed i n t o  the r e t o r t  

t o g e t h e r  with steam and ho t  ceramic bal ls  t h a t  act  as a heat t r a n s f e r  

medium. The retort  i n c l u d e s  a r o t a t i n g  i n c l i n e d  drum i n  which 
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t h e  shale and ba l l s  are intima.tely mixed before  they pass  i n t o  t h e  
.I 

accumulator.  

Overhead vapors  inc lude  hydrocarbons,  carbon monoxide and d ioxide ,  

ammonia, hydrogen s u l f i d e ,  water, and hydrogen. They are quenched w i t h  

water and separated i n t o  gas, sponge o i l ,  gas o i l ,  bottoms o i l ,  and f o u l  

water i n  a f r a c t i o n a t o r .  

naphtha outf low i n s t e a d  of  sponge o i l  wi th  naphtha l eav ing ,  and a sponge 

o i l  r e c y c l e  e n t e r i n g  the  f r a c t i o n a t o r .  

w i t h  the  process ing  of  t h e  o t h e r  s t reams are p a r t  of  the  upgrading 

sec  ti on. 

The flowsheet i n  Figure 3-5 shows the n e t  

The naphtha s e p a r a t i o n  t o g e t h e r  

The spent  s h a l e  is separated from the b a l l s  i n  a r o t a t i n g  trommel 

sc reen  a t  the bottom of  the  accumulator and discharged through a c o o l e r  

(waste heat) b o i l e r  t o  a moi s tu r i ze r .  

taken by conveyor t o  t he  waste disposal area. 

the  r e t o r t  drum v i a  a c l eane r  and hea te r .  I n  the c l e a n e r ,  d u s t  is 

removed from the  bal ls  us ing  f l u e  gases  from a steam supe rhea te r ,  

steam fac i l i t i es  are not  f u l l y  shown i n  Figure 3-5 because they are 

i n t e g r a t e d  wi th  t he  steam gene ra to r  f o r  the  e n t i r e  p l a n t .  

The Base Case wi th  b e n e f i c i a t i o n  r e q u i r e s  ad jus tments  i n  t h e  

The moist  spent  shale is then 

The bal ls  are recyc led  t o  

The 

p y r o l y s i s  s e c t i o n .  While the f lowsheet  remains the same, the feed rate 

i n  terms of dry  concen t r a t e  decreases by a f a c t o r  o f  four .  

t r a i n s  a t  a 75% capacity are needed. 

moisture  con ten t  (see Figure  3-1) than the  normal ore, the p rehea te r  and 

b a l l  c i r c u i t  capacities per  ton of  dry feed toge the r  with f u e l  

requirements  i n c r e a s e  accord ingly .  No direct  steam i n j e o t i o n  i n  the  

r e t o r t  is requi red  and the moisture  con ten t  i n  t h e  overhead vapor is 

Two parallel 

As the  concen t r a t e  has a higher  

w higher than without  b e n e f i c i a t i o n .  
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I n  the  Base Case without  b e n e f i c i a t i o n ,  spen t  shale c o n t a i n s  a l l  the  

rock o f  t he  o r i g i n a l  raw shale w i t h  a f e w  pe rcen t  of unrecoverable  

kerogen o r  its non-vola t i le  organic  d e r i v a t i v e s .  I n  the case  wi th  

b e n e f i c i a t i o n ,  93s of  the rock goes t o  t a i l i n g s .  Accordingly,  t h e  

residue sepa ra t ed  from t h e  bal ls  a t  the  bottom o f  the  r e t o r t  has  a 

r e l a t i v e l y  higher con ten t  of  o rgan ic s ,  approximately fou r  times as  much 

as i n  the case wi thout  b e n e f i c i a t i o n .  Because of  its higher o rgan ic  

con ten t  and heating va lue ,  it may be a t t r a c t i v e  t o  burn the  residue f o r  

heat b u t  t h a t  op t ion  was not  examined. 

the  r e s idue  is mixed with the  large amount of  t a i l i n g s  be fo re  being 

disposed of .  The amounts of  waste streams f o r  both Base Cases are stated 

i n  Sec t ion  3.6 below. 

No mois tu r i ze r  is needed because 

The changes i n  the p y r o l y s i s  s e c t i o n  due to  b e n e f i c i a t i o n  discussed 

so  far are r e l a t i v e l y  easy t o  account f o r  i n  t he  p re l imina ry  p rocess  

des ign  t h a t  is requ i r ed  f o r  the  p resen t  s tudy.  However, t he  o r i g i n a l  

concen t r a t e  p a r t i c l e  s i z e  c o n s t i t u t e s  a major u n c e r t a i n t y  and p o t e n t i a l  

problem. While it can be assumed tha t  the high kerogen con ten t  provides  

a s t r o n g  i n i t i a l  bond f o r  t h e  concen t r a t e  pe l le t s ,  t h e  pel le ts  are l i k e l y  

t o  d i s i n t e g r a t e  under the  impact o f  t h e  hot  ceramic ba l l s .  The r e s u l t i n g  

entrainment  of  f i n e s  w i l l  be exacerbated by the  higher vapor v e l o c i t i e s  

per  ton feed u n l e s s  the  accumulator diameter is s u b s t a n t i a l l y  increased .  

D u s t  c o l l e c t i o n  and s ludge s e p a r a t i o n  equipment downstream, w i t h  a 

recycle t o  the  r e t o r t ,  might be r equ i r ed .  A q u a n t i t a t i v e  assessment of 

the  entrainment  problem is  d i f f i c u l t  because of a l ack  of appropriate 

data on concen t r a t e  particles and p e l l e t s .  Therefore ,  a contingency was 

added t o  the p y r o l y s i s  c o s t  f o r  an t i en t r a inmen t  dev ices ,  see Sec t ion  3 .7  V 

below. I n  a d d i t i o n ,  the  a n a l y s i s  of  a l t e r n a t i v e s  t o  r e t o r t i n g  f o r  o i l  
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recovery provides  an oppor tuni ty  t o  i d e n t i f y  processes  more sui table  f o r  

handl ing t h e  f i n e  concen t r a t e .  
v 

Design cri teria,  and requirements  for  materials, u t i l i t i e s  and l a b o r  

are l i s ted  i n  Tables 3-2 and 3-4, r e s p e c t i v e l y .  

3.6 Environmental Aspects 

The waste e f f l u e n t s  f o r  t h e  Base Cases and corresponding p o l l u t i o n  

c o n t r o l  equipment are summarized i n  Table 3-5. For the  case without  

b e n e f i c i a t i o n ,  t he  data are based on the  environmental  documentation 

(Ref. 16). 

For the  b e n e f i c i a t i o n  case, ';he e f f l u e n t  f l o w r a t e s  have been 

increased  o r  decreased i n  propor t ion  t o  t h e  throughput o f  the 

corresponding process  stream. 

equipment i n  t h e  Mine Crushing and Waste Disposal  Sec t ion  have t o  be 

larger because more shale is needed due t o  kerogen l o s s e s  i n  the  

Bene f i c i a t ion  s e c t i o n .  On the  o t h e r  hand, t he  e f f l u e n t  flowrates are 

The capacities o f  p o l l u t i o n  c o n t r o l  

lower i n  P y r o l y s i s  because l e s s  mass of concen t r a t e  than o re  is 

processed.  However, t he  capac i ty  o f  the  feed p rehea t  system inc lud ing  

the  b a l l  c l e a n e r  is l a r g e r  than  would correspond t o  t h e  enrichment r a t i o  

o f  1 t o  4 because of t h e  higher  moisture  con ten t  of  the concent ra te .  

spent  shale moi s tu r i ze r  is absen t  because t h e  r e s i d u e  is mixed w i t h  a 

The 

larger volume o f  wet t a i l i n g s .  

The largest e f f l u e n t  stream i n  the  Bene f i c i a t ion  Sec t ion  is the  dryer  

o f f g a s  which was estimated based on the  d rye r  system des ign  (see 

Figure  3-4). T a i l i n g s  are accounted f o r  i n  the  waste d i s p o s a l  area. 
I 



3-18 

Table 3-5 

P o l l u t i o n  Cont ro l  

Dashes (--I i n d i c a t e  f l o w r a t e s  t h a t  vary widely or’ do not  s i g n i f i c a n t l y  affect 
c o n t r o l  equipment s e l e c t i o n  and s i z i n g .  NA s t a n d s  f o r  Not Applicable .  

Base Case Flowrate 
Flow Without With 
Rate 
__. Unit f i c i a t i o n  f i c i a t i o n  

Bene- Bene- 
Sec t ion  and 
Equipment 
o r  F a c i l i t y  

Material Type of 
Cont ro l led  Control  

Mininq 

Mine 
s t o c k p i l e  

Shale  dus t  Water sp rays  -- 

k acfm 

k acfm 

k acfm 

k t o n d d a y  

-- 

Primary 
c rusher  

Air+sha l e  Fabr i c  
d u s t  f i l t e r s  

Secondary 
c rushe r  

Air+sha l e  Fabric  
dus t  f i l t e r s  

S torage  
bu i ld ing  

Waste 
d i s p o s a l  

Air+shale  Fabr i c  
dus t  f i l t e r s  

Spent s h a l e  o r  L a n d f i l l  
t a i l i n g s ,  e t c .  

Sha le  dus t  Foam sp rays  Conveyors 

Bene f i c i a t ion  

P e l l e t i z e r s  Concentrate  Fabr i c  
f i l t e r s  

NA 

NA 

-- 

200 

-- 

k acfm Dryers Air+concen- Cyclone, 
trats d u s t  s c rubbe r s  

Conveyors Concentrate  
dus t  Foam sp rays  NA -- 

P y r o l y s i s  

Prehea t  system 83 

140 

Air+feed d u s t ,  Scrubbers ,  
Hydrocarbons Thermal 

o x i d i z e r s  

k acfm 

k acfm 

k acfm 

k acfm 

-- 

210 

350 

Ball c l e a n e r s  Flue gas+ 
feed dus t  Scrubbers  44 17 

Mo i s t u r  i z  e r s Air+spent 
shale Scrubbers  44 NA 

Conveyors Spent s h a l e  o r  
r e s i d u e  dus t  Foam sp rays  
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Dusts from the  p e l l e t i z e r s  and conveyors are a r e l a t i v e l y  small p o l l u t i o n  
1 

source.  

Gas and l i q u i d  e f f l u e n t s  from the  p y r o l y s i s  s t e p  o r i g i n a t e  p r imar i ly  

w i t h  the  kerogen and t h u s  (exc:ep+u f o r  water) are no t  g r e a t l y  changed by 

swi tch ing  from ore t o  concent ra te .  But gas e f f l u e n t s  from the  preheat 

and b a l l  systems are reduced almost th ree- fo ld  while sol id  wastes ( s p e n t  

shale) from p y r o l y s i s  are reduced more than four-fold.  These 

environmental  credi ts  f o r  b e n e f i c i a t i o n  are o f f s e t  t o  an unknown degree 

by the problems o f  t a i l i n g s  (and a s soc ia t ed  water) d i sposa l  i nc lud ing  bu t  

no t  l i m i t e d  t o  t he  l i b e r a t i o n  of  so lub le  s a l t s ,  trace elements ,  and 

r e s i d u a l  o rgan ic  material, e.g. References 31 and 71. 

3.7 Cost Est imat ion 

The h i s t o r y  o f  c o s t  estimates o f  s y n t h e t i c  f u e l s  p l a n t s  does n o t  

i n s p i r e  h igh  confidence i n  t h e  state of t h e  a r t  f o r  making such estimates. 

The more s p e c u l a t i v e  t h e  technology, t he  greater the probable  e r r o r ,  and 

some of the  technologies  considered i n  t h i s  s tudy  are, o f  course ,  very  

specu la t ive .  It is not  f a c e t i o u s  t o  say  t h a t ,  i n  many cases, t o t a l  c o s t s  

o f  proposed s y n t h e t i c  f u e l s  p l a n t s  have not  been known conf iden t ly  t o  one 
s i g n i f i c a n t  f i g u r e ,  e.g. Colony (Ref. 56), al though numbers are o f t e n  

t abu la t ed  with two t o  three s i g n i f i c a n t  f i g u r e s  (as here) or even more. 

Therefore ,  t h e  a b s o l u t e  l e v e l s  o f  c o s t s  c i ted i n  t h i s  s tudy  should be 

regarded with a t  least the  same skept ic ism deserved by o t h e r  estimates. 

However, we have t r ied  t o  estimate c o s t s  i n  a c o n s i s t e n t  way so t h a t  

r e l a t i v e  comparisons should have reasonable  v a l i d i t y  even i f  the a b s o l u t e  

W numbers are crude. 
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3.7.1 Capital Cost Methodolou  

Pre l iminary  c a p i t a l  c o s t  e s t ima t ion  differs  from t h e  d e f i n i t i v e  c o s t  

estimates t h a t  precede a c t u a l  cons t ruc t ion .  The la t ter  are based on firm 

quo ta t ions  from equipment vendors,  and commodity material and l a b o r  "take- 

o f f s "  from d e t a i l e d  drawings. 

s tar t  wi th  c o s t i n g  o f  i n d i v i d u a l  equipment, shown on a process  f lowshee t ,  

us ing  te lephone quo ta t ions ,  h i s t o r i c  data or l i t e r a t u r e .  A l l  o t h e r  c o s t  

items such as i n s t a l l a t i o n ,  bu i ld ings ,  o f f s i t e s  and i n d i r e c t s ,  are estim- 

a t e d  through factors based on equipment c o s t  as expla ined  i n  Appendix A 

(Ref. 78 1. 

are not  a v a i l a b l e ,  OP t he  time-consuming a c c u r a t e  method is no t  

warranted,  v a r i o u s  sho r t - cu t  methods are used t h a t  can be classified i n  

The most a c c u r a t e  pre l iminary  estimates 

I f  process  f lowsheets  and/or s i z e s  o f  i n d i v i d u a l  equipment 

t he  fol lowing two ca t egor i e s :  

o S e c t i o n a l  methods scale up o r  down c o s t  o f  p l a n t  s e c t i o n s  t h a t  

are i d e n t i c a l  or similar, us ing  empi r i ca l  exponents,  e ,  

c o s t  = ( r e fe rence  c o s t  1 ( capac i ty / r e fe rence  c a p a c i t y ) e  

A t y p i c a l  exponent f o r  process ing  p l a n t s  is 0.6. Within a 

narrow c a p a c i t y ' r a n g e ,  mine ope ra t ions  can be scaled wi th  an 

exponent o f  1.0,  keeping a small p o r t i o n  of t h e  c o s t  cons t an t .  

I n  m u l t i p l e  t r a i n  p l a n t s ,  the  number o f  t r a i n s  is first roughly 

ad jus t ed  t o  the  des i r ed  capac i ty ,  and t h e  above equat ion  then  

app l i ed  t o  t h e  i n d i v i d u a l  t r a i n s .  
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o Modular methods estimate capi ta l  o f  chemical p l a n t s  as an  

exponen t i a l  func t ion  of  p l a n t  capac i ty ,  number o f  modules, 

temperature ,  p re s su re ,  material o f  cons t ruc t ion ,  and poss ib ly  an  

a d d i t i o n a l  parameter., The disadvantage of t h i s  method is t h e  

ambigui ty  i n  t h e  module d e f i n i t i o n  t h a t  ranges  from a major 

equipment un i t  t o  a f u n c t i o n a l  u n i t  ( u n i t  ope ra t ion )  t o  a 

chemical s t e p .  P, modif ica t ion  o f  the  modular method, d i scussed  

i n  Appendix B, was developed f o r  t h i s  s tudy  (Re.?. 79) .  It 

p r e c i s e l y  d e f i n e s  twelve types  o f  l lprocess  modules" and ex tends  

the  c o r r e l a t i o n  beyond the chemical indus t ry .  

U s i n g  these methods, c o s t  comparisons f o r  t he  Base Case were made. 

They were l i m i t e d  t o  the Mining through Pyro lys i s  s e c t i o n s ;  upgrading was 

not  considered.  For the convent iona l  Base Case without  b e n e f i c i a t i o n ,  

c o s t  estimates were based on the  last publ ished itemized d a t a  for t h e  

Colony p r o j e c t  (Ref. 18). Those data,  dated September 1977 and 

reproduced i n  T a b l e  3-6, r e s u l t e d  i n  a t o t a l  capi ta l  c o s t  of about  one 

b i l l i o n  1977 dollars. 

" i n s t a n t  p l an t "  was about  three bi1,lian d o l l a r s ;  e s c a l a t i o n  and i n t e r e s t  

dur ing  c o n s t r u c t i o n  are excluded. Therefore ,  we e s c a l a t e d  the  1977 items 

t o  a new t o t a l  o f  about  three b i l l i o n  d o l l a r s  when we began t h i s  s tudy .  

A more rea l i s t ic  t o t a l  c a p i t a l  c o s t  i n  1981 f o r  a n  

Recent even t s  p l ace  t h e  Colony t o t a l  a t  f i v e  t o  s i x  b i l l i o n  i n  as-spent  

1981-1986 dollars,  e.g. Ref. 56. However we d i d  n o t  f u r t h e r  escalate our  

t o t a l  and the r e l a t i v e  comparisons o f  shale p rocesses  are unaf fec ted  by 

the  l e v e l  o f  the  t o t a l .  

To a r r i v e  a t  updated numbers u s e f u l  f o r  our  purposes ,  the  data of 

Table 3-6 were treated i n  t h e  fo l lowing  way: 

v 
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Table 3-6 

DESCRIPTION 

Breakdown of Investment f o r  t h e  Colony P r o j e c t  

(September 1977 Dol la r s )  

Cont rac tor  Estimates 

Mining, Crushing and Spent Shale  Disposal  
Py ro lys i s  and O i l  Recovery 
O i l  Upgrading and Hydrogen P l a n t  
By-product Recovery 
Util i t ies and General F a c i l i t i e s  

Subto.tal* 

Reserve Cos ts  

Other Owner Cos ts  

Mine and Spent Shale  Disposa l  Mobile Eqipment 
C a t a l y s t s  and Chemicals 
Spare Parts 
P r o j e c t  Management and P l a n t  S t a f f i n g  
Taxes and Insurance During Construct ion 
Community Ass is tance  Costs  
Precommitment Costs  
Mine Predevelopment Costs  
Prepaid Process  Licenses  
Miscellaneous Other Costs 
Working C a p i t a l  
P l a n t  F i x i t  and Star t -up  Allowance 

S u b t o t a l  

GRAND TOTAL INVESTMENT 

C a p i t a l  Investment 
$ Mil l ion  

113 
266 
102 
59 
- 177 

717 

131 

28 
16 
4 
30 

7 
30 
10 
11 
2 

10 
22 
- 32 

202 

1,050 

*The s u b t o t a l  of $717 m i l l i o n  is an update estimated by an 
Al loca t ion  of c o s t s  t o  t he  i n d i v i d u a l  u n i t s  is engineer ing  con t r ac to r .  

by TOSCO after a n a l y s i s  o f  t h e  detailed c o n t r a c t o r  estimates. 

Source: Reference 18 V 
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o I n d i v i d u a l  o p e r a t i o n s  of  t,he Colony P r o j e c t ,  such as mining, 

c rush ing ,  and p y r o l y s i s ,  were compared with similar o t h e r  

faci l i t ies .  

Other informat ion  on t h e  Colony P r o j e c t  was obta ined  informal ly  

t o  assist u s  i n  e s t ima t ing  changes i n  scope and a rough c o s t  

d i s t r i b u t i o n  among p y r o l y s i s ,  o f f s i t e s ,  and the  rest of  

f a c i l i t i e s .  

o 

o As there are not  enough engineer ing  data a v a i l a b l e  f o r  a budget 

estimate, t h e  modular c a p i t a l  e s t ima t ion  method described above 

was app l i ed  t o  Shale Pyro lys i s  which, as new technology, is most 

d i f f i c u l t  t o  eva lua te  by comparing t o  o t h e r  known processes .  

The fo l lowing  conclus ions  were drawn from the  c o s t  comparisons, 

s p e c i f i c  Colony P r o j e c t  in format ion  (Ref. 751, and the  modular e s t i m a t e .  

(a)  The major c o s t  i n c r e a s e s  s i n c e  1977 are due t o  v a s t l y  expanded 

o f f s i t e s  i nc lud ing  a d d i t i o n a l  roads,  dams, a shale 

t r a n s p o r t a t i o n  tunne l ,  and a grass r o o t s  township wi th  a l l  

b u i l d i n g s  and s e r v i c e s  cons t ruc t ed  from scratch. 

S u b s t a n t i a l  scope! changes occurred i n  t h e  upgrading s e c t i o n  

(e.@;., a r s e n i c  removal) r e s u l t i n g  i n  c o s t  changes. 

P y r o l y s i s  was underest imated by about  25%. 

(b) 

( c )  

(d )  There is e s s e n t i a l l y  no change i n  t he  mining, c rush ing ,  and 

waste d i s p o s a l  estimate. 

realist ic because t h e  Colony shale is easy t o  mine. 

The last estimate i n c r e a s e  i n  1982 were caused p r i m a r i l y  b y '  

site-specific o f f s i t e s  which would have l i t t l e  effect on t h e  

Mining through P y r o l y s i s  s e c t i o n s  covered by t h i s  s tudy.  

The comparat ively low c o s t s  are 

(e)  
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3.7.2 Capital Estimate: Conventional R e t o r t i n g  

The c a p i t a l  eatlrnate f o r  t h e  convent iona l  Baso Case, without  

b e n e f i c i a t i o n ,  to ta l s  $2910 m i l l i o n  and is broken down i n  t he  first 

column o f  Table 3-7. The first item i n  each s e c t i o n  is the  escalated 

c o s t  from Table 3-6. The next  items are t h e  llotiier owner cos t "  

components specific f o r  each s e c t i o n .  The remaining "o ther  owner cos t s f1  

were prora ted .  

Table 3-7. 

"Reserve cos ts t1  are denoted as Land Acquis i t ion  i n  

Each Table 3-7 item was escalated from September 1977 t o  mid 1981 

us ing  t h e  Chemical Engineering magazine p l a n t  c o s t  index.  

Py ro lys i s  and O i l  P rocess ing  ( t h e  lat ter being the  sum o f  o i l  upgrading, 

hydrogen p l a n t ,  and by-product recovery)  were increased  t o  reflect both 

t h e  underest imate  and scope changes. The item " a d d i t i o n a l  roads  and 

dams, t u n n e l ,  and townshipt1 r e p r e s e n t s  t he  o f f s i t e s  expansion. A s  

The cost of 

p r o j e c t  contingency was included i n  the  1977 estimate, only process  

cont ingencies  were added i n  Tab le  3-7 a t  va r ious  percentages  accord ing  t o  

t h e  estimate u n c e r t a i n t i e s .  

The p y r o l y s i s  c o s t  was independent ly  confirmed us ing  the  modular 

method d iscussed  i n  Sec t ion  3.7.1. The two estimates d i f f e red  by s i x  

pe rcen t ,  i .e .  they  were i d e n t i c a l  well wi th in  the  p r e c i s i o n  o f  e s t ima t ion .  

3.7.3 Capital Estimate: With Bene f i c i a t ion  

Capi ta l  c o s t s  f o r  the  Base Case w i t h  b e n e f i c i a t i o n  are summarized i n  

the second column o f  Table 3-7 and broken down i n  Table 3-8. The t o t a l  

is  $2950 m i l l i o n ,  e s s e n t i a l l y  no d i f f e r e n t  from the  $2910 m i l l i o n  
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Table 3-7 

Total. Capital Summary ($MI 

(Mid-1981 Dol l a r s )  

Mine - 
Mining, c rush ing ,  and s o l i d s  d i s p o s a l  
Mobile equipment 
Predeve lopment 
Other c o s t s  ( p r o r a t e d )  

Subtota:, 
Process  contingency (20%) 

Total. 

Benef ic ia  t ion  
Grinding 
F l o t a t i o n  and dewatering 
Other c o s t s  ( p r o r a t e d )  

Contingency: P r o j e c t  (15%) 
Process  ( 30% 1 

S u b t o t a l  (Rounded) 

To ta 1. 

Base Case 

Benef i c i a t ion  Bene f i c i a t ion  
Without With 

160 180 
40 45 
15 17 
25 

240 
- 28 

270 
- 

Pyro lys i s  
Feed p repa ra t ion ,  r e to r t i . ng ,  and o i l  recovery 490 

60 
Sub t c) ta  1 550 

Other c o s t s  ( p r o r a t e d )  ’ - 
Process  contingency (40%) 

To ta 1. 
220 - 

770 

O i l  P rocess ing  
Upgrading, H2 p l a n t ,  and byproduct recovery 360 
Cata lys t s  and chemicals 20 
Other c o s t s  ( p r o r a t e d )  40 

Sub t o t a l  m 
Process  contingency (30%) - 130 

Total- 550 

Of fsi tes 
Uti l i t ies  and g e n e r a l  fac i l i t i es  250 
Community a s s i s t a n c e  40 
Addi t iona l  darns and roads ,  t unne l ,  township 460 
Other c o s t s  ( p r o r a t e d )  50 

Sub t o t a  1 m 
Process  contingency (40% 320 

1120 To ta l  

21 6 
126 
- 35 
380 

60 
110 - 

550 

144 
16 

60 
m 
- 

220 

360 
20 
40 

420 
- 
- 130 

550 

250 

460 
I 40 

50 
800 

1120 
320 

Land a c q u i s i t i o n  - 190 

GRAND TOTAL 2910 - 
- 190 

2950 - 
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Table 3-8 

Benef i c i a t ion  C a p i t a l  Cost 

Item - 
A. O i l  Sha le  Grinding 

Mills 
Other  equipment 

I n s t a l l a t i o n  

I n d i r e c t s  (35%) 

Working capi ta l ,  s t a r t - u p ,  and o the r  

S u b t o t a l  - purchased equipment 

Subtotal - direct c o s t  

Sub t o t a l  

non-depreciable c o s t  (10%) 
S u b t o t a l  

Contingency: p r o j e c t  (15%) 
process  ( 30% 1 

T o t a l  Capi ta l  (Rounded) 

B. F l o t a t i o n  and Dewatering 

Regrind mills 
Cells and o t h e r  equipment 

I n s t a l l a t i o n  

F l o t a t i o n  

S u b t o t a l  - purchased equipment 

S u b t o t a l  - direct c o s t  
Concentrate  F i l t r a t i o n  

Purchased equipment 
I n s t a l l a t i o n  

S u b t o t a l  - direct  c o s t  
P e l l e t i z i n g  

Purchased equipment 
I n s  ta 1 l a  t i on 

S u b t o t a l  - d i r e c t  c o s t  
Drying 

Purchased equipment 
I n s t a l l a t i o r ,  

Tailings F i l t r a t i o n  
Purchased equipment 
I n s t a l l a t i o n  

S u b t o t a l  - d i r e c t  c o s t  

S u b t o t a l  - d i r e c t  c o s t  
T o t a l  d i rect  c o s t  

S u b t o t a l  -depreciable capital  
I n d i r e c t s  (35$) 

Working c a p i t a l ,  s t a r t - u p ,  and o t h e r  
non-depreciable c o s t  (10%) 

Sub t o t a  1 
Contingency: p r o j e c t  (15%) 

process  ( 30% 1 
Tota l  capital  (Rounded) 

GRAND TOTAL 

- $M 

72 
5 

77 
83 
160 

56 
216 

22 
238 

36 
71 

350 

- 

- 

- 

- 

9.0 

13.3 
21.7 
35 

- 4.3 

- 

3.4 
6.7 

10 

2.3 
- 3.0 

5 

9.3 
12.1 
21 
- 

7.3 
14.6 
22 
93 
- 33 

126 

- 13 
139 
21 
42 

200 
550 

- 
- 

- 

- 
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estimated f o r  the convent iona l  Base Case. The purchased equipment items 

are sums o f  i n d i v i d u a l  equipment c o s t s .  The i n s t a l l a t i o n ,  i n d i s e c t s ,  
w 

working capi ta l ,  s t a r t - u p  and o t h e r  non-depreciable items were estimated 

us ing  percentage  f a c t o r s ,  some of which are i n d i c a t e d  i n  Table 3-8. 

I n s t a l l a t i o n  f a c t o r s  are not  shown because they d i f fe r  for va r ious  

equipment t y p e s ,  and commodity material and l abor  sub-items such as 

conc re t e ,  s teel ,  p ip ing ,  e lectr icals ,  ins t rumenta t ion ,  i n s u l a t i o n ,  and 

p a i n t .  

I n d i v i d u a l  equipment c o s t  and i n s t a l l a t i o n  f a c t o r s  used i n  t h i s  s tudy  

They were compiled from are based on copper i n d u s t r y  experience.  

numerous engineer ing  r e p o r t s .  The compilat ion o f  equipment c o s t  is part  

of the  ASPEN documentation (Ref. 51.1) whi le  t h e  f a c t o r s  are def ined  and 

t abu la t ed  i n  Appendix A. Pyro lys i s  and b e n e f i c i a t i o n  c a p i t a l  were 

independent ly  confirmed us ing  t h e  modular estimate method d iscussed  i n  

Sec t ion  3.7.1. The two estimates 'differed seven percent ;  aga in ,  t h e  two 

estimates were i d e n t i c a l  f o r  a l l  practical purposes. 

The o t h e r  s e c t i o n s  o f  the Base Case without  b e n e f i c i a t i o n  were scaled 

up o r  down from the  a l t e r n a t i v e  without  b e n e f i c i a t i o n  and are shown i n  

t he  last column of Table 3-7. The Mine c o s t s  are higher  for t h e  

b e n e f i c i a t i o n  a l t e r n a t i v e  because more shale has t o  be mined t o  

compensate f o r  the  losses i n  Bene f i c i a t ion .  Concentrate  p y r o l y s i s  c o s t  

is lower because only two t r a i n s  are requ i r ed ,  each a t  75% capac i ty  of 

those  f o r  Shale Pyro lys i s  bu t  w i t h  a larger preheat c i r c u i t .  

Processing and Offsite c o s t s  were assumed the same f o r  bo th  

a l t e r n a t i v e s .  That assumption is an approximation, c o n s i s t e n t  w i t h  the  

O i l  

scope of t h i s  s tudy.  
I 



3-28 

3 . 7 . 4  Annual Cost 

Annual c o s t s  for the  Base Cases wi th  and without  b e n e f i c i a t i o n  were 

(1)  annual  ope ra t ing  c o s t s  and c a l c u l a t e d  as the sums of two elements:  

( 2 )  annual  capi ta l  charges. 

wages and salaries, purchased chemicals, purchased u t i l i t i e s ,  and o t h e r  

materials and s e r v i c e s  consumed as a r e s u l t  o f  ope ra t ing  t h e  p l a n t .  

Annual capital  charges are c a l c u l a t e d  most convenient ly  as a percentage  

o f  t o t a l  f f i n s t a n t f f  capi ta l  and they account f o r  d e p r e c i a t i o n ,  r e t u r n  on 

investment ,  i n t e r e s t  dur ing  cons t ruc t ion ,  s t a r t u p  d i f f i c u l t i e s ,  and o t h e r  

cos ts  such as property t a x e s  and insurance.  The f l a t  annual  cap i ta l  

charge is a crude but  customary way t o  account f o r  capital  c o s t s  and t h e  

l e v e l  can be e a s i l y  ad jus t ed  t o  account f o r  d i f f e r e n t  t ypes  o f  f inanc ing ,  

rates of r e t u r n ,  or o t h e r  p a r t i c u l a r  c i rcumstances.  

Annual ope ra t ing  c o s t s  i nc lude  items l i k e  

I n  the  computations of annual  c o s t  i n  t h i s  s e c t i o n :  

o Both annual  ope ra t ing  c o s t s  and capital  charges were c a l c u l a t e d  

f o r  on ly  the  ba t t e ry  l i m i t s  o f  Mining through Pyro lys i s  s e c t i o n s  

s i n c e  o t h e r  s e c t i o n s  should not  be affected s i g n i f i c a n t l y  by t h e  

presence o r  absence o f  a b e n e f i c i a t i o n  s e c t i o n ;  t h u s  less than 

half o f  the t o t a l  capi ta l  investment o f  t he  p l a n t  is inc luded  i n  

t h e  s e c t i o n s  considered.  Ba t t e ry  l i m i t s  exclude o f f s i t e s .  

o The annual  c a p i t a l  charge was assumed t o  be 25%. For a l l - e q u i t y  

f inanc ing ,  and reasonable  cons t ruc t ion ,  s t a r t u p ,  and o t h e r  

assumptions,  a 25% capi ta l  charge should r e s u l t  i n  about  a 12 t o  

15% discounted cash flow rate o f  r e t u r n  on investment i n  t h e  

s e c t i o n s  considered.  
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The t o t a l  annual  c o s t  f o r  t h e  Mining through Pyro lys i s  s e c t i o n s  

amounts t o  $370 m i l l i o n  f o r  t h e  convent ional  Base Case and $460 mi l l i on  

f o r  the  b e n e f i c i a t i o n  Base Case. Details are shown i n  Table 3-9. 

- 
I n  both Base Cases, most of  t h e  t o t a l  annual  c o s t s  arise from c a p i t a l  

charges rather than annual  ope ra t ing  c o s t s ,  emphasizing t h e  usua l  

importance o f  investment t o  t h e  economics of  shale o i l  p l a n t s .  

t he  c a p i t a l  c o s t s  f o r  the  two cases were about  the  same (see Table 3-7),  

But s i n c e  

the  d i f f e rences  i n  these two p a r t i c u l a r  Base Cases r e s u l t  from a 

d i f f e r e n c e  i n  ope ra t ing  c o s t s ,  s p e c i f i c a l l y  i n  the  large c o s t  of electric 

power f o r  g r ind ing  i n  t h e  benef j .c ia t ion  s t ep .  

Based on these r e s u l t s ,  our  obvious conclusion is t h a t  b e n e f i c i a t i o n  

us ing  t h e  technology selected is no t  an a t t r a c t i v e  a l t e r n a t i v e  t o  t h e  

convent iona l  process  sequence f o r  e x t r a c t i n g  o i l  from Western oil s h a l e .  

Making it  a t t r a c t i v e  w i l l  r equ i r e :  

o major advances i n  the technology and economics of t h e  

b e n e f i c i a t i o n  s t e p ,  s p e c i f i c a l l y  by r educ t ion  o f  t h e  investment 

and power consumption i n  g r ind ing ,  and/or  

o cap tu r ing  major credits elsewhere i n  the t o t a l  system by v i r t u e  

of remote recovery o r  by recovery by means s u p e r i o r  t o  

convent iona l  r e t o r t i n g .  

The fo l lowing  s e c t i o n s  cons ider  some of the p o t e n t i a l l y  a t t r a c t i v e  

opt ions .  
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Table 3-9 

Annual Operat ing Costs :  Mining Through P y r o l y s i s  Sec t ions  

Base Case Without Base Case With 
Benef ic ia  t i o n  

Unit  Cost c o s t  c o s t  
Bene f i c ia t  ion  

- I tern or  Percent  $M/yr $M/yr 

1. Mine Operating Costs  
Mining and haulage 
Crushing 
Waste d i s p o s a l  

Sub t o  t a l  

2. P y r o l y s i s  Operat ing Costs  
Fue 1 
Power 
Water 
Steam c o s t / c r e d i t  
Chemicals 
Oper. l abor  (OL) 
Superv. and s e r v i c e s  
Overhead 
Maint. l abo r  (ML) 
Oper. & maint.  s i lppl ies  

Sub t o t a l  (Rounded 1 

$3/M Btu 
5d/kWh 
4O$/k gal 
$4/k l b s  

$13/hr 
40% OL 
40% OL & ML 
2% capi ta l  
3% capi ta l  

- 

3. Benef i c i a t ion  Operat ing Costs  
Fue 1 $3/M Btu 
Power 5$/kWh 
Water 40q?/k gal 
Chemica Is - 
Grinding ba l l s  avg. $300/ton 
Oper. l abo r  (OL) $13/hr 
Superv. and s e r v i c e s  40% OL 
Overhead 40% OL+ML 
Maint. l abo r  (ML) 3% capi ta l  
Oper. & maint.  s a p p l i e s  2% capital  

Sub t o t a l  ( Rounded 

To ta l  Operat ing Cos ts  (Rounded) 

Capital Charges f o r  P l a n t  
S e c t i o n s  1 ,  2 ,  and 3 Above 25% 

T o t a l  Annual Cost f o r  P l a n t  
Sec t ions  1 , 2 ,  and 3 Above (Rounded) 

16 18 
3 4 

2 - 2 - 
21 24 

30.7 
0.2 
0.6 
3.8 
1.0 
2.5 
1.0 
7.2 

15.4 
23.1 - 

86 

107 

- 265 

370 

11.8 
0.1 
0.1 

-1.3 
1.0 
1.5 
0.6 
2.4 
4.4 
6.6 

27 

5.9 
70.8 

1.3 
3.7 

14.8 
2.1 
0.8 
7.4 

16.5 
11.0 - 
- 134 

186 

- 273 

460 

V 



4. COMMINUTION ALTERNATIVES 

I 

The preceding s e c t i o n ,  desc r ib ing  "Base Case" b e n e f i c i a t i o n  systems 

us ing  b a l l  m i l l i n g ,  confirms the  convent iona l  wisdom (e.g., Ref. 10) tha t  

t he  c o s t s  o f  comminution are a heavy burden f o r  a b e n e f i c i a t i o n  system t o  

bear. Therefore, methods o f  comminution which might be s i g n i f i c a n t l y  

b e t t e r  than  b a l l  m i l l i n g  a r e  of  i n t e r e s t .  

l i m i t a t i o n s  of b a l l  m i l l i n g  a r e  descr ibed  and t h e  p o t e n t i a l  advantages of 

o t h e r  new comminution methods and devices  are d iscussed .  

I n  t h i s  s e c t i o n ,  t h e  

4.1 Conventional M i l l i n g  

4.1.1 Ball Mi l l i ng  Background 

Convent ional ly ,  f i n e  g r ind ing  o f  material is accomplished i n  b a l l  

m i l l s  o r ,  i n c r e a s i n g l y ,  i n  autogenous or  semi-autogenous mills. As t h e  

names imply, b a l l  mills u t i l i z e  a tumbling mass o f  b a l l s  ( t y p i c a l l y  

s t e e l ) ;  autogenous m i l l s  use  i3 tumbling mass of  t he  o r e  t o  be ground; and 

semi-autogenous m i l l s  use  a mixture of the  two. While there are 

s i g n i f i c a n t  d i f f e r e n c e s  i n  their  ope ra t ing  economics, they are f o r  ou r  

purposes  e s s e n t i a l l y  similar i n  phys ica l  opera t ion .  That is, they  a l l  

accomplish energy i n p u t  v i a  mechanical l i f t i n g  o f  the  g r i n d i n g  media, and 

some o f  t h i s  energy is subsequent ly  d e l i v e r e d  t o  the material be ing  

ground as the media tumble back down wi th in  a r o t a t i n g  drum. We s h a l l  

s ee  t h a t  t h i s  i n d i r e c t  and random d e l i v e r y  of  the  usef'ul energy component 

is a t  t h e  h e a r t  o f  t h e  poor e f f i c i e n c y  o f  such devices .  
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It is widely accepted t h a t  b a l l  m i l l s  are extremely i n e f f i c i e n t  

devices  (autogenous and semi-autogenous m i l l s  are t y p i c a l l y  s l i g h t l y  less 

e f f i c i e n t ) .  Some (Ref. 19,201 put  t he  e f f i c i e n c y  a t  llno more than  a 

f r a c t i o n  o f  one percent , "  while  o t h e r s  (Ref. 21) state  t h a t ,  Wp t o  99% 

of the  energy consumed i n  g r ind ing  these o r e s  may be expended i n  t h e  

movement o f  machinery, w i th  no i se  and heat the  undes i r ab le  by-products,  

l eav ing  only one percent  o f  t h e  app l i ed  energy f o r  s i z e  reduct ion ."  

Ef f ic iency  is here  def ined  as the  r a t i o  o f  the minimum energy i n p u t  

requi red  f o r  the  observed fragmentat ion t o  the  a c t u a l  mechanical energy 

i n p u t  ( i . e . ,  t o  d r i v e  the  r o t a t i n g  drum). 

Minimum requ i r ed  energy is gene ra l ly  taken  t o  be t h e  s u r f a c e  energy 

o f  t h e  new s u r f a c e s  created by fragmentat ion,  i n  which case the  

e f f i c i e n c y  is indeed very low. Some would argue t h a t  t h i s  is an  unduly 

pessimistic assessment i n  t h a t  f ragmentat ion by any process  a c t u a l l y  

creates more new s u r f a c e ,  i n  t h e  form o f  m u l t i p l e  micro cracks, than  t h a t  

of  the s u r f a c e s  o f  separa t ion .*  Perhaps a I f f r ac tu re  energy" which 

inc ludes  the  energy o f  these micro cracks as well as the  s e p a r a t i o n  

su r faces  should be csed. I n  any case, and by any reasonable  measure, t h e  

e f f i c i e n c y  of convent iona l  m i l l i n g  processes  is very  low, l eav ing  p l en ty  

o f  room f o r  improverent.  

Mi l l i ng  is a h igh ly  empirical l lscience, l l  perhaps more so than many o f  

i ts p r a c t i t i o n e r s  r e a l i z e .  A major review o f  the  state o f  t he  a r t  

(Ref. 21) concluded t h a t ,  ".. .there is evidence t h a t  many o f  today ' s  

c rush ing  and g r ind ing  techniques  no t  only are i n e f f i c i e n t  and an t iqua ted  

*But t h i s  micro crack energy inpu t  is not  n e c e s s a r i l y  wasted: i t  
weakens the  material f o r  subsequent f r a c t u r e  and the  micro crack s u r f a c e s  
may u l t i m a t e l y  become sepa ra t ion  su r faces .  
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but  have l i t t l e  o r  no s c i e n t l f i c  base o f  understanding." Being 

"ant iquated" is o f  course  no reason t o  discard a technology so long as it 
I 

func t ions  economically.  Over the  yea r s  convent iona l  c rush ing  and 

g r ind ing  technology has done j u s t  t h a t ,  p rovid ing  reliable low-cost 

comminution wi th  r e l a t i v e l y  s imple ,  a lbe i t  "ant iquated",  devices .  Now, 

wi th  r a p i d l y  i n c r e a s i n g  energy (costs  (and d e c l i n i n g  ore grades), t h e  very 

low e f f i c i e n c i e s  o f  convent iona l  practices render  them uneconomic i n  many 

s i t u a t i o n s .  This  is q u i t e  apparent i n  o i l  shale b e n e f i c i a t i o n  schemes, 

but  it is a l s o  o f  concern i n  o ther  areas. This  broad concern prompted 

t h e  review o f  Reference 21 which no te s  t h a t  c rush ing  and g r ind ing  consume 

roughly 2% o f  t h e  e n t i r e  e l e c t r i c  power generated i n  t h i s  country!  

Despi te  the  e x i s t e n c e  o f  s e v e r a l  t h e o r i e s  o f  comminution, t he  sc i ence  

is l a r g e l y ,  a lmost  e x c l u s i v e l y ,  an empirical one, aimed a t  d e r i v i n g  

r e l a t i o n s h i p s  t o  permit t h e  design, s e l e c t i o n ,  and opt imiza t ion  of 

convent iona l  components and g r ind ing  c i r c u i t s .  

con t inu ing  i n d u s t r y  program has been carried o u t  i n  the  e f f o r t  t o  meet 

the  needs of the  minera l  i ndus t ry .  While t h i s  work has been necessary  

and is t o  be commended, it is unfo r tuna te  t h a t  a p ropor t iona te  basic 

s tudy  program has no t  been poss ib le  as w e l l ,  especially i n  a f i e l d  where 

the  gap between a c t u a l  performance, no matter how c a r e f u l l y  optimized, 

and reasonable  p h y s i c a l  p o t e n t i a l  is so very great. 

An ex tens ive  and 

4.1.2 T h e o r e t i c a l  Cons idera t ions  

A t  least three t t theor ies ' f  have been advanced t o  d e s c r i b e  comminution, 

as summarized by Bond (Ref. 22) i n  p re sen t ing  h i s  " t h i r d  theory of 

comminution. II 
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R i t t i n g e r  states t h a t  the energy necessary t o  break a par t ic le  of 

diameter D is p ropor t iona l  t o  D2, which obviously is i n  keeping w i t h  

the  preceding surface energy concept ( o r  the  su r face  p l u s  micro crack 

areas i f  t h e  lat ter are p ropor t iona l  t o  the  s e p a r a t i o n  s u r f a c e  area). 

Kick states t h a t  the energy is p ropor t iona l  t o  t he  volume o f  t he  particle 

o r  t o  D3. 

volume energy storage, as w i l l  be d iscussed  s h o r t l y .  Bond, i n  h i s  t h i r d  

theory  o f  comminution, sugges t s  t h e  energy should be p r o p o r t i o n a l  t o  

Phys ica l ly  t h i s  dependence might be expla ined  i n  terms of  a 

, l a r g e l y ,  it seems, because t h i s  exponent is halfway between the D2.5 

preceding two. 

rod) m i l l  data rather than direct  measurement o f  material behavior .  

While material properties no doubt have some in f luence  on b a l l  m i l l  

performance, tests us ing  a device  be l ieved  t o  be about  99% i n e f f i c i e n t  

are predominantly tests o f  the  device rather than o f  the  material. Such 

data may determine empi r i ca l  means f o r  t h e  des ign  and a p p l i c a t i o n  o f  t h e  

device but  they should n o t  be i n t e r p r e t e d  as i n  any way d e f i n i n g  

comminution behavior i n  gene ra l .  As a case i n  p o i n t ,  MacPherson 

(Ref. 231, i n  setting ou t  a llprocedure t o  a r r i v e  a t  an ene rgy-e f f i c i en t  

"Proofv1 of h i s  theory  is o f fe red  i n  t he  form o f  b a l l  (and 

autogenous g r ind ing  p l a n t , "  sugges t s  tests i n  a s t anda rd  l a b o r a t o r y  b a l l  

m i l l ,  " t o  determine 100% power e f f i c i ency .??  B a l l  m i l l  performance may 

well be a legitimate s tandard  by which t o  judge autogenous m i l l  

performance, s i n c e  the  l a t te r  are t y p i c a l l y  s l i g h t l y  less e f f i c i e n t ,  and 

h i s  procedure an e f f e c t i v e  way t o  approach t h a t  s t anda rd ,  bu t  t h e  phrase 

"100% power e f f i c i e n c y "  sounds a good deal more impressive than  it r e a l l y  

is. Empirical  procedures ,  though u s e f u l  and necessary  wi th in  the i r  

proper  place, have a tendency t o  become ltlawsll tha t  i n a d v e r t e n t l y  mask 

basic phenomena and i n h i b i t  fresh i n s i g h t s .  
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To r e t u r n  t o  basics, we can suggest  a l lfourth theory  o f  comminution" 
w 

t h a t ,  whi le  c e r t a i n l y  no t  proved o r  even s t rong ly  promoted he re ,  w i l l  

shed some l i g h t  on basic i s s u e s  and may he lp  t o  i l l u s t r a t e  t h e  p o t e n t i a l  

beyond t h a t  of convent iona l  pr*act ices .  

As f o r  the  first three t h e o r i e s  o f  comminution, l e t  u s  f o r  t h e  moment 

assume t h a t  t h e  material t o  be fragmented is homogeneous i n  t h e  sense  

tha t  its behavior  does not  vary  w i t n  p a r t i c l e  s i z e  over the  range o f  

s i z e s  of i n t e r e s t . *  There can be l i t t l e  doubt t h a t  t h e  minimum energy 

f o r  f ragmentat ion is related t o  the c r e a t i o n  o f  new su r faces .  Whether we 

cons ider  an a b s o l u t e  minimum s u r f a c e  energy or a somewhat greater 

f r a c t u r e  energy as previous ly  d iscussed ,  t h e  conclusion is t h e  same: 

minimum energy inpu t  t o  f r a c t u r e  a particle o f  lldiameter" D is 

p r o p o r t i o n a l  t o  D , sugges t ing  t h e  R i t t i n g e r  theory.** 2 

Next cons ider  how t h e  energy f o r  f ragmentat ion is a c t u a l l y  app l i ed .  

I n  a l l  p r a c t i c a l  dev ices  the energy is app l i ed  by e x t e r n a l  f o r c e s ,  

u s u a l l y  compressive,  which d i s t o r t  t h e  p a r t i c l e ,  s t o r i n g  energy w i t h i n  

t h e  volume o f  the p a r t i c l e ,  and c r e a t i n g  stresses t h e r e i n .  

cons ider  t h e  s imple case o f  a u n i a x i a l l y  loaded cube o f  dimension D. 

e las t ic  deformation the  energy-s t ress  r e l a t i o n s h i p  is 

For example, 

For 

A 

1 r J L  D3 Energy = 2 E 

where E is the e las t ic  modulus o f  t h e  material and @ is t h e  (uniform) 

stress. Thus t h e  energy necessary  t o  reach a p a r t i c u l a r  f a i l u r e  stress 

*There c e r t a i n l y  are s ize  effects, p a r t i c u l a r l y  when cons ider ing  
g r i n d s  f i n e  enough t o  libel-ate i n d i v i d u a l  minera ls ,  bu t  we s h a l l  mention 
these complicat ions later. 

w 
**Our assumption o f  uniformit,y neans t h a t  the  r a t i o  o f  micro crack 

s u r f a c e  area t o  sepa ra t ion  surtface wea is  a l s o  uniform. 
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( an  assumed cons t an t  material p rope r ty )  is p ropor t iona l  t o  D 3 , 

sugges t ing  t h e  Kick theory.  For o t h e r  shapes and f o r  o t h e r  than  elastic 

deformation t h e  conclusion is t h e  same: energy t o  reach a f ixed  f a i l u r e  

stress a t  some p o i n t  wi th in  t h e  p a r t i c l e  is p ropor t iona l  t o  D 3 , 

al though t h e  stress may no t  be uniform and the  p r o p o r t i o n a l i t y  cons t an t  

may be a good d e a l  more complex. 

When f a i l u r e  occurs  s t o r e d  energy (at  least t h e  e las t ic  po r t ion  

t h e r e o f )  f lows t o  t h e  f r a c t u r e  t o  cause i ts  propagat ion,  bu t  t h e r e  is  

nothing that  s a y s  t h e  s t o r e d  energy must be j u s t  s u f f i c i e n t  t o  d r i v e  a 

crack through t h e  p a r t i c l e .  For "largev1 p a r t i c l e s ,  having a large 

volume-to-surface r a t i o ,  t h e r e  w i l l  be  excess  s t o r e d  energy which w i l l  

appear as k i n e t i c  energy o f  t h e  fragments ,  stress waves moving wi th in  t h e  

fragments,  no i se ,  and so on. For vvsmalltr p a r t i c l e s ,  having low 

volume-to-surface r a t i o s ,  there w i l l  be i n s u f f i c i e n t  s t o r e d  energy and 

the  p a r t i c l e  w i l l  no t  fragment u n t i l  f u r t h e r  energy is put  i n  from 

e x t e r n a l  fo rces .  Tte d i s t i n c t i o n s  lllarge'v and vtsmalltv w i l l  depend upon 

material p r o p e r t i e s  ( s t r e n g t h ,  modulus o f  e l a s t i c i t y )  and p a r t i c l e  

shape. Although t h e r e  are i n s u f f i c i e n t  d a t a  a t  p r e s e n t ,  t h i s  change of  

behavior may well bo s i g n i f i c a n t  when g r ind ing  t o  l i b e r a t i o n  s i z e s .  

The preceding a; guments sugges t  t h e  "fourth theory  o f  comminution, 

shown g r a p h i c a l l y  i n  Figure 4-1: 

o For very  small p a r t i c l e s ,  energy s t o r e d  dur ing  p a r t i c l e  loading  

is i n s u f f i c i e n t  t o  d r i v e  a crack through t h e  p a r t i c l e :  hence 

a c t u a l  energy inpu t  f o r  f r a c t u r e  w i l l  be p r o p o r t i o n a l  t o  D2.* 

V 

* S t r i c t l y  speaking,  a t  sepa ra t ion  the fragments even i n  t h i s  case 
w i l l  c a r r y  wi th  them some s t o r e d  energy, but  once a f r a c t u r e  has started 
the g e n e r a l  stress l e v e l s ,  and consequently t h e  s t o r e d  energy, should be  
small. 
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Figure 4-1 

"FOURTH THEORY OF COMMINUTION" 
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For large particles,  energy s t o r e d  dur ing  particle loading  is 

more than enough to  d r i v e  a crack through the particle: hence 

a c t u a l  energy Input  i n  a p r a c t i c a l  device  w i l l  be p ropor t iona l  

3 t o  D . 
A cr i t ical  p a r t i c l e  size,  dependent upon material s t r e n g t h ,  

e las t ic  modulus, and par t ic le  shape,  may be def ined  which 

d i v i d e s  these two reg ions  and f o r  which the  s t o r e d  energy is 

j u s t  s u f f i c i e n t  t o  d r i v e  a crack through the particle. 

L ike  Bond's t h i r d  theory ,  t h i s  " four th  theory" is i n  a sense  halfway 

between those  of R i t t i n g e r  and Kick, bu t  it does seem t o  have some basis 

i n  phys i ca l  behavior .  

d i scont inuous  f o u r t h  theory curve w i t h  a s i n g l e  exponent,  D205 would be 

better than  either D o r  D3, but  it is extremely u n l i k e l y  t h a t  t h i s  

detailed material behavior  would appear as  a 2.5 power law governing b a l l  

m i l l  performance when something l i k e  99% o f  the  energy consumption is not  

material-related. 

Indeed, i f  one were t o  t r y  t o  match the 

2 

I n  r e a l i t y ,  o f  course ,  many o t h e r  material p r o p e r t i e s  might mask t h i s  

uniform material behavior .  P a r t i c l e  f a i l u r e  is  inf luenced  by flaws 

wi th in  t h e  par t ic le ,  and the popula t ion  o f  such flaws decreases as 

par t ic le  s i z e  decreases ( i . e . ,  t h e  material becomes s t r o n g e r ) .  A t  

l i b e r a t i o n ,  particles are i n d i v i d u a l  minera ls  and g r a i n  s i z e  is c l e a r l y  

not  n e g l i g i b l e .  It may well be t h a t  t he  " four th  theory" s i z e  effect is  

masked by such o t h e r  phenomena. On the  o t h e r  hand, material flaws may be 

e s s e n t i a l l y  absen t  i n  very small particles.  

The concept seems worthy of  f u r t h e r  s tudy ,  p a r t i c u l a r l y  f o r  very  f i n e  

g r ind ing  as is necessary  f o r  o i l  shale. 

should se rve  t o  i l l u s t r a t e  t h a t  there are material and par t ic le  behavior  

I n  any case, t h i s  p r e s e n t a t i o n  

U 

V 



4-9 

issues of  g r e a t  importance t h a t  a r e  not  t o  be found i n  e m p i r i c a l  

c o r r e l a t i o n s  o f  b a l l  m i l l  performance. 
I 

4.2 Some I d e n t i f i a b l e  Losses i n  Conventional B a l l  M i l l i n q  

For a process  c o n s i s t i n g  of roughly 99% l o s s e s ,  loss  mechanisms 

should not  be hard t o  i d e n t i f y .  Iqdeed, t h e y  are n o t ,  b u t ,  a t  p r e s e n t  

anyway, t h e y  are d i f f i c u l t  i f  not  impossible t o  quan t i fy .  One can 

s e p a r a t e  the  loss  mechanisms i n t o  two major c a t e g o r i e s :  one mechanical,  

having t o  do w i t h  the t r a n s f e r  o f  iuseful energy from the  g r ind ing  media 

t o  t h e  particles be ing  ground; and t h e  o t h e r  best descr ibed  as f l u i d ,  

having t o  do with t h e  t r a n s p o r t  of  particles through t h e  g r ind ing  zone. 

Other loss mechanisms are p r e s e n t  o f  course ,  such as mechanical d r i v e  

l o s s e s ,  bu t  these are e i t h e r  minor o r  e a s i l y  remedied i f  they are no t .  

This  d i s t i n c t i o n  o f  loss  mechanisms, though the  two are i n t e r r e l a t e d ,  

w i l l  b e  u s e f u l  i n  Sec t ion  4.3 where we a t tempt  t o  de f ine  new des ign  pa ths  

f o r  improved processes .  

Mechanical l o s s e s  wi th in  a convent ional  b a l l  mill stem l a r g e l y  from 

t h e  f a c t  t h a t  energy input, is t o  t h e  g r i n d i n g  media r a t h e r  than  t o  the 

material be ing  ground. Although the f u l l  range of  gr inding  a c t i o n  is no 

doubt very complex, some s t r a igh t fo rward  c a l c u l a t i o n s  f o r  simple 

i n t e r a c t i o n s ,  p resented  i n  fol lowing s e c t i o n s ,  w i l l  i l l u s t r a t e  t h e  

enormous p o t e n t i a l  f o r  l o s s e s  i n  t r y i n g  t o  d e l i v e r  t h i s  energy f o r  u s e f u l  

purposes.  

F lu id  l o s s e s  are harder  t o  q u a n t i f y ,  bu t  it is g e n e r a l l y  be l ieved  

t h a t  f a i l u r e  t o  promptly remove ground material from t h e  g r i n d i n g  zone 

results i n  l a r g e  l o s s e s  i n  "regrint l ing."  It is p o s s i b l e ,  though t h i s  is I 
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pure specu la t ion  a t  t h i s  time, tha t  " regr inding"  l o s s e s  are no t  large, as 

we s h a l l  d i s c u s s  b r i e f l y  i n  Sec t ion  4 . 3 .  

e f f e c t i v e  use o f  f l u i d  a c t i o n  t o  move material t o  the  proper  g r ind ing  

l o c a t i o n s  and to  remove it when f i n i s h e d  is no doubt an important  aspect 

of e f f i c i e n t  m i l l  des ign  ( u n l e s s ,  o f  course ,  some o t h e r  means of  material 

t r a n s p o r t  is used) .  

Be t h a t  as  it may, t he  

The fo l lowing  fou r  subsec t ions  d i s c u s s  s imple  i n t e r a c t i o n s  between 

g r ind ing  ba l l s  and r e l a t i v e l y  small p a r t i c l e s .  

4.2.1 Limited E f f e c t i v e  Impact Area 

The e f f e c t i v e  impact area between two spheres  is a func t ion  o f  sphere 

diameter and the s i z e  o f  particle t o  be t rapped between spheres. 

llImpactfl here refers t o  b a l l - t o - b a l l  c o n t a c t ,  whether it occurs  a t  

r e l a t i v e l y  high v e l o c i t y  between ba l l s  tumbling on the  surface of  t h e  

charge o r  more slowly elsewhere wi th in  the charge. 

i l l u s t r a t e s  the l i m i t i n g  r a d i u s  R 

can be captured  between two sphe res  of r a d i u s  R 

F igure  4-2a 

a t  which a par t ic le  of r a d i u s  R 
C P 

Thus cap tu re  r a d i u s  b' 

is g iven  by 

o r  

for Rb >> Rp. 

R2 2 ( R b  + R P )  - R E  
C 

R Z  = 2R R + R2 c: 2 R  R 
b P  P b P  

The cap tu re  area A, is then 
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The cap tu re  volume which might conta in  p a r t i c l e s  of r a d i u s  R is P 
simple the  area times 2 R  o r  

P 

V = 47rRLR 
C P b  

(4-3) 

Note t h a t  t h i s  is a somewhat o p t i m i s t i c  estimate i n  that, i f  the 

volume were f u l l  o f  such par t ic les ,  the  two ba l l s  could n o t  approach t o  

c o n t a c t  as assumed i n  these de r iva t ions .  Note a l s o  tha t  i n  comparison t o  

b a l l  volume o r  any o t h e r  characteristic volume, t h i s  is a very small 

volume. For example, f o r  50 1-1 particles and 100 mm ba l l s ,  

2 
-6 47rR2R R 

!2 - 2 - 3 4  
'b - zj 4 nRb 3 -  = .75 x 10 

Rb 

Though small volume per se has no d i r e c t  i n f luence  on e f f i c i e n c y ,  

t h i s  sugges t s  t h a t  t h e  a c t i v e  p o r t i o n  o f  a b a l l  m i l l  is a very small 

f r a c t i o n  o f  the t o t a l  machine volume. Sec t ion  4.2.5 w i l l  i n d i c a t e  tha t  

t h i s  small volume can i n d i r e c t l y  and adverse ly  affect e f f i c i e n c y .  

F igure  4-2b i l l u s t r a t e s  the i n t e r a c t i o n  between a sphere and a f l a t  

p l a t e  f o r  particles o f  r a d i u s  R 

i n t e r a c t i o n  against the shell liner or another  gr inder  geometry, as  

described i n  Sec t ion  4.4. 

This  might characterize the 
P'  

I n  t h i s  case the  cap tu re  terms are given by 

= 4RbRp (4-4) 2 2 R2 = ( R b  + R ) - ( R b  - RP) 
C P 

A = 47rR R (4-5 1 
C b P  

Each is twice its corresponding ba l l - to -ba l l  coun te rpa r t .  

I 
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F igu re  4-2a 

CAPTURE GEOMETRY FOR EQUAL BALLS 

F igu re  4-2b 

CAPTURE GEOMETRY FOR BALL AND FLAT, PLATE 
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4.2.2 I n s u f f i c i e n t  Charge pe r  Impact 

The preceding cap tu re  volume is o f  no u s e  whatever i f  t h e r e  is no 

material wi th in  the volume when :he ba l l s  approach each o the r .  Thus one 

obvious l o s s  mechanism is i n s u f f i c i e n t  material wi th in  the  m i l l ,  o r  a 

d i s t r i b u t i o n  system t h a t  does not, keep a l l  o f  t h e  i n t e r a c t i o n s  supp l i ed  

wi th  s u f f i c i e n t  material. I n d i c a t i v e  o f  the i n d i r e c t  energy i n p u t  and 

t h i s  loss  mechanism, the  power. i npu t  t o  a b a l l  m i l l  loaded wi th  bal ls  but  

with n t e r i a l  t o  be ground is e s s e n t i a l l y  t h e  same as t h a t  t o  a 

p rope r ly  loaded m i l l .  

4.2.3 Non-Uniformly Loaded Impact 

It has  a l r e a d y  been poin ted  ou t  t h a t  t h e  cap tu re  volume c a l c u l a t e d  is 

an o p t i m i s t i c  estimate s i n c e ,  w i t h  material p r e s e n t ,  the balls do no t  

approach t o  con tac t .  For the  same reason,  the  presence of a few larger 

p a r t i c l e s  would s h i e l d  smaller p a r t i c l e s  from a c t i o n  even though t h e  

l a t te r  are wi th in  the  computed cap tu re  volume. 

i d e a l  d i s t r i b u t i o n  system should provide uniformly s i z e d  material f o r  

each such i n t e r a c t i o n .  

It appears  then  t h a t  t h e  

4.2.4 I n s u f f i c i e n t  Energy per  Impact 

C lea r ly ,  If an impact does not occur with suffioient anergy t o  

fracture material wi th in  the cap tu re  volume, t h e  energy of t h a t  impact is 

l a r g e l y  wasted. Some damage may occur t h a t  c o n t r i b u t e s  t o  later fracture 

W and there may be some u s e f u l  rebound of the  bal ls ,  bu t  t h e  overall effect  
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is not  h igh ly  e f f i o i e n t .  This loss l i m i t s  the  upper s i z e  o f  feed 

material particles b u t ,  as w i l l  be seen i n  the  fo l lowing  s e c t i o n ,  

excess ive  energy I s  a far more l i k e l y  l o s s  when g r i n d i n g  small particles. 

4.2.5 Excessive Energy per  Impact 

The very small cap tu re  volume described i n  Sec t ion  4.2.1 means t h a t ,  

f o r  small p a r t i c l e s ,  on ly  a very small energy can be u s e f u l l y  absorbed 

per impact. Excessive energy, besides adding t o  power consumption, adds  

t o  wear o f  the  balls.  

Consider the h igh ly  o p t i m i s t i c  case i n  which the e n t i r e  cap tu re  

volume is f u l l  of uniformly s i zed  particles, and ask ,  how far  must a 

s i n g l e  b a l l  drop t o  d e l i v e r  j u s t  the  requi red  energy? 

The volume of material t o  be acted upon is the cap tu re  volume, Vc, 

times 1 - E, where E is the  void f r a c t i o n .  For s i m p l i c i t y  l e t  u s  assume 

tha t  t h e  energy necessary  t o  cause f r a c t u r e  is p r o p o r t i o n a l  t o  the volume 

of material, i n  keeping wi th  the  Kick theory and the  I t fourth theory" f o r  

par t ic les  above the  c r i t i ca l  s i z e .  

The energy r equ i r ed  is then  

M h  = vc(l  - € ) E C  

where 

W 

W 

Ah = necessary height of f a l l  

Ec 

= b a l l  weight = 4/3 wRb 3 

= b a l l  weight per  u n i t  volume ( o r  n e t  weight i f  immersed) 

= f ragmentat ion energy per  u n i t  volume. 

Then, wi th  equat ion  (4-3) f o r  Vc, 

- 4 rwR3 Ah = 4~wR 2 R ( 1  - €)EC 
3 b  P b  



Solving for  Ah, 

w 2 3E (1 - E )  R 
C - '9) Ah = 

W 'Rb 
(4-7 1 

Ec is o f  course the  source o f  much of  the confusion i n  t h i s  s c i ence ,  

and the simple format chosen here, with E independent of s ize ,  may not  

be  c o r r e c t ,  but  t h i s  express ion  can be eva lua ted  t o  provide an estimate 

of Ah. Sure ly  it must be easj.er t o  fragment a c o l l e c t i o n  o f  small 

particles than  t o  fragment t h e  same material i n  s o l i d  form under an  

C 

indentor .  

per u n i t  volume fragmented, called the  specif ic  energy, is t y p i c a l l y  

about  ha l f  the  compressive s t r e n g t h  of the  material. 

having a compressive s t r e n g t h  o f  12,000 p s i ,  Ec must be less than about  

6,000 i n  l b / in3 .  

r e q u i r i n g  the  maximum energy i-nput, t h e  void f r a c t i o n  might be about  

0.3. For s teel  ba l l s  then 

For an inden to r  pene t r a t ing  a massive s o l i d  sample, t h e  energy 

Thus f o r  o i l  shale 

For a densely packed monolayer of uniform p a r t i c l e s ,  

2 D 2 R 

Rb Db 
= 4.42 194( -q  = 4.42 lo4+) 

For 50 p p a r t i c l e s  and 100 mm ba l l s ,  

2 

) = .011 inch.  4 50 x Ah = 4.42 X 10 ( 
100 10-3 

The t y p i c a l  b a l l  drop, of t h e  o rde r  o f  one b a l l  r a d i u s  pe r  impact,  is Of 

course  much greater than t h i s ,  about  180 times greater i n  t h i s  case. 
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The numbers are approximate,  and even t h e  format may be ques t ioned ,  

bu t  a l l  assumptions are be l ieved  t o  be i n  the d i r e c t i o n  o f  maximizing the  

requi red  drop. Hence the  message is clear: near  t h e  small par t ic le  end 

o f  t he  g r ind ing  process ,  excess ive  energy per impact can cause very low 

e f f i c i e n c y  even i f  a l l  o t h e r  f e a t u r e s  are ideal. 

The fact that Ah is propor t iona l  t o  the  square  o f  t he  

p a r t i c l e - t o - b a l l  r a d i u s  r a t i o  ( i n  t h i s  cons t an t  E 

i l l u s t r a t e s  t h a t  for coarse  particles i n s u f f i c i e n t  energy can be a 

problem. For example, i f  one cons ide r s  10 mm feed par t ic les  and 100 mm 

format) also 
C 

b a l l s ,  Ah is found t o  be  442 inches  by t h i s  formula. O f  cou r se ,  t h i s  

simple format ( o r  any o t h e r  f o r  that  matter) is not  l i k e l y  t o  be v a l i d  

over so broad a s i z e  range, p a r t i c u l a r l y  with such rough estimates of 

material p r o p e r t i e s .  

4.3 New Design Paths f o r  Improved Mi l l i ng  Processes  

The preceding s e c t i o n s ,  while c e r t a i n l y  n o t  r i go rous  o r  precise, are 

s u f f i c i e n t  t o  p o i n t  o u t  some o f  t h e  shortcomings o f  p r e s e n t  practices i n  

f a i r l y  basic terms. These i n  t u r n  sugges t  new des ign  p a t h s  by which 

depa r tu re  from cont inued empirical po l i sh ing  of the  p r e s e n t  very  

i n e f f i c i e n t  process  may prove b e n e f i c i a l .  The purpose i n  t h i s  s e c t i o n  is 

t o  reduce the  foregoing  obse rva t ions  t o  concise  y e t  g e n e r a l  s t a t emen t s  

t h a t  p o i n t  ou t  these new pa ths  and, perhaps,  sugges t  new concepts  and 

approaches.  They have suggested the  concepts  t o  be presented  i n  

Sec t ion  4.4, but  t he i r  u t i l i t y  is  be l ieved  t o  go beyond t h o s e  f e w  

concepts .  



Bas ica l ly ,  convent iona l  b a l l  m i l l i n g  is seen  t o  s u f f e r  from an 
I 

i n d i r e c t  energy t r a n s f e r  process  which, p a r t i c u l a r l y  f o r  small part ic les ,  

is demonstrably h ighly  i n e f f i c i e n t  fo r  a number o f  reasons.  

appears t h a t  much greater a t t e n t i o n  mus t  be p a i d  t o  the  c o r r e c t  

d i s t r i b u t i o n  o f  the material a s  it is ground, and t o  t he  prompt removal 

of  f i n i s h e d  product  . * 

Fur the r ,  i t  

It is a l s o  important  t o  stress i n  t h i s  s e c t i o n ,  while s t i l l  

g e n e r a l i z i n g ,  the  great need f o r  a Setter understanding o f  a c t u a l  

comminution processes .  So long as one is w i l l i n g  t o  blast  p a r t i c l e s  wi th  

o rde r s  of magnitude greater energy than r equ i r ed ,  and t o  s u f f e r  something 

l i k e  99% l o s s e s  i n  t h e  process ,  t h e n  the  de ta i l s  o f  particle 

fragmentat ion are unimportant.  But i f  we wish t o  ope ra t e  wi th  

cons iderably  less excess  energy %hen we need t o  know wi th  some accuracy 

j u s t  what energy is requ i r ed  i n  order  tha t  we can avoid the  losses of 

e i ther  i n s u f f i c i e n t  o r  excess ive  energy inpu t .  

4.3.1 New Design Pa ths  f o r  lmEroved Energy Ef f i c i ency  

With the  clear t e c h n i c a l  des ign  goal of s u b s t a n t i a l l y  improved energy 

e f f i c i e n c y ,  the  preceding obse rva t ions  can be reduced t o  a few rather 

specif ic  pa ths  t o  be explored by new des ign  concepts .  

d i s t i n c t i o n s  of Sec t ion  4.2,  these thoughts  can be d iv ided  i n t o  

Following the  

"mechanicalt1 and f l f lu id l l  mechanisms. 

*Curiously,  t h e  preceding sample ana lyses  suggest that r eg r ind ing  of 
f i n i s h e d  material may no t  be as important  as g e n e r a l l y  believed. 
impact i nvo lves  only very sma.11 volumes o f  small p a r t i c l e s ,  and the  
smallest particles are l i k e l y  t o  be s h i e l d e d  by larger particles i n  t h e  
cap tu re  volume, i t  is p o s s i b l e  tha t ,  very  l i t t l e  reg r ind ing  o f  f i n i s h e d  
particles eve r  takes place. 

If 

Ir 
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To reduce i n t e r n a l  mechanical l o s s e s ,  the  des igne r  should s t r i v e  t o :  

o 

o 

Provide direct  energy i n p u t  t o  the  par t ic les  be ing  fragmented. 

If energy i n p u t  must be i n d i r e c t ,  as f o r  example i n p u t  through a 

g r ind ing  medium, then  a r r ange  f o r  a non-random t r a n s f e r  o f  t h a t  

energy t o  the  material being ground and i n c r e a s e  t h e  Ifcapture  

volume" p e r  i n t e r a c t i o n .  

o Match the  energy,  however imparted, t o  the  s i z e  and p r o p e r t i e s  

o f  particle(s) involved (wi th  some s a f e t y  f a c t o r  o f  cour se ) .  

To improve the n f l u i d t l  behavior  the  des igner  should s t r i v e  to :  

o Direct f l u i d s  t o  e f f e c t i v e l y  and promptly remove par t ic les  o f  

the  des i r ed  product  s ize  as they  are formed. 

o Use f l u i d s ,  i n  keeping wi th  the  t h i r d  comment above, t o  match 

par t ic le  s i z e s  t o  the  l o c a l  g r ind ing  a c t i o n  and t o  minimize s i z e  

v a r i a t i o n s  a t  any one loca t ion .  

o For o t h e r  than f l u i d  t r a n s p o r t  means, these same f e a t u r e s  should 

be sought.  

4.3.2 Other Design Goals 

Up t o  t h i s  p o i n t  t h i s  d i scuss ion  has  been concerned only wi th  the  

energy e f f i c i e n c y  o f  m i l l i n g  p rocesses ,  as well i t  should f o r  a p rocess  

of  such low e f f i c i e n c y .  It is  recognized t h a t  a pract ical  concept  must 

f u l f i l l  a number o f  o t h e r  requirements  t h a t  are p r e s e n t l y  satisfied,  i n  

vary ing  degrees, by convent iona l  practices and equipment. These inc lude  

rugged, reliable ope ra t ion ,  gene ra l ly  a s s o c i a t e d  with simple des ign;  

accep tab le  s i z e  and c a p i t a l  c o s t  f o r  a given capac i ty ;  long and economic 

wear l i f e  of  component par ts  and g r ind ing  media ( i f  a p p r o p r i a t e ) ;  
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c o n t r o l l a b i l i t y  and capac i ty  t.o accommodate varying feed  p r o p e r t i e s ,  as  
I 

discussed  f o r  example by Bassarear (Ref. 24) i n  desc r ib ing  t h e  

performance o f  a range o f  autogenous m i l l  c i r c u i t s ;  and perhaps o t h e r  

c r i t e r i a  . 
I n  Sec t ion  4 .4 ,  three ti ist in(!  t Zoncepts are presented which a t tempt  

t o  fo l low some o f  these design pa ths .  These examples, t oge the r  w i t h  t he  

preceding g e n e r a l  s t a t emen t s ,  may s t i m u l a t e  o t h e r s  t o  gene ra t e  a d d i t i o n a l  

new, and perhaps be t te r ,  concepts .  

4.4 The S t a t i o n a r y  S p i r a l  Ball --- M i l l  

4.4.1 Basic Design A i m s  

The s t a t i o n a r y  s p i r a l  ball. m i l l  u t i l i z e s  an i n d i r e c t  energy t r a n s f e r  

process  c o n s i s t i n g  o f  conventi.ona1 Sa l l s  moving downward through the  

material being ground, bu t  i n  a l l  o t h e r  r e s p e c t s  it fo l lows  the preceding 

sugges t ions .  Its des ign  g o a l s  inc lude :  

o F u l l  and non-random use o f  t h e  balls. 

o Enlarged cap tu re  volume. 

o 

o Prompt removal o f  f i n i s h e d  product .  

o 

Matching o f  impacts t o  l o c a l  energy requirements.  

S i z e  seg rega t ion  o f  material t o  match l o c a l  g r ind ing  a c t i o n .  

The concept is best i l l u s t r a t e d  i n  simple l i n e a r  form as sketched i n  

Figure 4-3. A stream o f  ba l l s  r o l l s  down a s tepped ramp t o  c rush  

material depos i ted  on each of t he  s t e p  s u r f a c e s .  I n  t h i s  non-random 

descent ,  each s t e p  can be s i z e d  t o  match t h e  l o c a l  p a r t i c l e  energy 
1 
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Figure 4-3 

SCHEMATIC L I N E A R  VERSION OF STATIONARY S P I R A L  B A L L  M I L L  

q e n t  P a s s a g e  
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requirements and, f u r t h e r ,  by impacting a g a i n s t  a f la t  s u r f a c e ,  the - 
cap tu re  volume per impact is double t h a t  of a convent iona l  b a l l  m i l l .  

While the  stream o f  b a l l s  moves down the  steps an upward f l u i d  flow 

moves the  material t o  be ground up the  steps. The f l u i d  passage is 

designed wi th  a divergence so t h a t  f l u i d  v e l o c i t y  decreases as it 

progresses  upward. Coarse material. is fed i n t o  the  m i l l  a t  the  bottom 

and carried upward by the  f l u i d ,  b u t  only so far as the  local v e l o c i t y  

can carry each particle. The f l u i d .  acts not  only as a t r a n s p o r t  

mechanism, but  a l s o  as  a c l a s : s i f i e r ,  dropping o u t  par t ic les  a t  d i f f e r e n t  

p o s i t i o n s  i n  accordance w i t h  their  s i z e .  Once a par t ic le  drops o u t  it 

remains s t a t i o n a r y  u n t i l  i t  is crushed,  whereupon the  smaller fragments 

are aga in  t r anspor t ed  u p h i l l  and drlopped ou t  a t  new size-dependent 

p o s i t i o n s ,  and so it cont inues  u n t i l  particles are small enough t o  be 

carried o u t  o f  the  t o p  o f  the  device. T h i s  c l a s s i f i c a t i o n  o f  material 

accord ing  t o  s i z e  is what permits matching the  s t e p  s izes  t o  the  l o c a l  

energy requirements .  

4.4.2 Some.DesiRn Variables 

Design v a r i a b l e s  o f  i n t e r e s t  i n  terms o f  the  mechanism details 

inc lude  s t e p  s i z i n g ,  step s u r f a c e  area, and f l u i d  v e l o c i t y  d i s t r i b u t i o n .  

Vertical s tep  dimension is what determines the  impact energy o f  the  

b a l l  and, t oge the r  w i t h  t h e  f l u i d  seg rega t ion  o f  particles according t o  

s i z e ,  o f f e r s  the  oppor tuni ty  t o  reduce the  l o s s e s  associated wi th  

excess ive  energy per impact. Preceding c a l c u l a t i o n s  based upon 

oonmwvativs ( t . u . ,  large) ustimates of m a l l  part ia le  energy 

requirements  i n d i c a t e  t ha t  t he  steps near  the  t o p  o f  t he  ramp should be  
- 
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very small. For t h e  model selected (cons t an t  f ragmentat ion energy p e r  

u n i t  p a r t i c l e  volume) t h i s  c a l c u l a t i o n  i n d i c a t e s  t h e  s t e p s  should grow i n  

size with t h e  square of t h e  p a r t i c l e  diameter  as they approach t h e  bottom 

of the ramp. However, t h e  a c t u a l  energy requirements  and the i r  v a r i a t i o n  

with p a r t i c l e  size are p r e c i s e l y  t h e  basic informat ion  t h a t  cannot  be 

learned  from e x i s t i n g  empi r i ca l  comminution information.  Thus des ign  o f  

t hese  detai ls  must await a b e t t e r  understanding o f  the  basic material 

behavior ,  i nc lud ing  s p e c i f i c  tests fo r  the o i l  shale i n  ques t ion .  

High energy e f f i c i e n c y  w i l l  r e q u i r e  t h a t  the  material l a y e r  on the  

su r face  o f  t h e  s t e p s  be kept  t h i n ,  perhaps approaching a monolayer. 

Thus, as t h e  material is ground to  smaller d iameter ,  i t  must be spread  

over a larger area. I n  terms of the  impact area concept d i scussed  i n  

Sec t ion  4.2.1, t he  cap tu re  volume decreases w i t h  the  square  of p a r t i c l e  

diameter (Equation 4-6). Thus the  number o f  impacts fo r  a g iven  q u a n t i t y  

o f  material must i n c r e a s e  i n v e r s e l y  wi th  the  square  o f  t h e  p a r t i c l e  

diameter. I f  one t h i n k s  i n  terms o f  a s tepped ramp o f  g e n e r a l l y  cons t an t  

s l o p e ,  t h i s  requireKent  is a t  least p a r t i a l l y  provided f o r .  That is, 

wi th  r equ i r ed  s t e p  he igh t  decreas ing  wi th  p a r t i c l e  s i z e  ( a l s o  wi th  t h e  

square of diameter zccording t o  t he  previous  model), a great many more 

s t e p s  can be providcd per  l eng th  o f  ramp near  the  t o p  i n  comparison w i t h  

t h e  bottom. For t h e  s p i r a l  (rather than l i n e a r )  arrangement suggested i n  

Sec t ion  4 . 4 . 3 ,  a d d i t i o n a l  ramps can a l s o  be provided near  the  t o p  o f  t h e  

m i l l .  

F l u i d  v e l o c i t y  must cont inous ly  decrease i n  o rde r  t o  provide the 

des i red  c l a s s i f i c a t i o n  o f  material. Mean f l u i d  v e l o c i t y ,  f o r  the  l i n e a r  

device o f  F igure  4-3, can be set simply by proper s i z i n g  o f  the  d ivergent  

passage. O f  course ,  l o c a l  p e r t u r b a t i o n s  w i l l  occur ,  as where t h e  flow 



4-23 

t r a v e l s  over the l i p  o f  a step, and the  downward motion of the  bal ls  
w 

c o n s t i t u t e s  a major pe r tu rba t ion .  

i n  t h a t  t h e  r e s u l t a n t  tu rbulence  near  t h e  s t e p  s u r f a c e s  should prevent  

s t a g n a t i o n  o f  material outside t h e  impact areas. 

The latter should be gene ra l ly  h e l p f u l  

For low s o l i d s  d e n s i t y  flow the  ve loc i ty - t r anspor t  r e l a t i o n s h i p  might 

be  similar t o  the t r a n s p o r t  of sediment i n  r i v e r  beds,  bu t  f o r  high 

d e n s i t y  flow, as a n t i c i p a t e d  here, t r a n s p o r t  phenomena w l l l  be similar t o  

those  i n  f l u i d  classifiers all-eady i n  use i n  t h e  minera ls  process ing  

indus t ry .  

4.4.3 A Suggested 0veral:L --. Arrangement 

I n  a d d i t i o n  t o  t h e  descent  ramp, the  m i l l  a l s o  needs a b a l l  e l e v a t i o n  

system, a coa r se  material feed system, and a f l u i d  c i r c u l a t i n g  system. 

The l i n e a r  arrangement o f  F igure  4-3 is c e r t a i n l y  func t iona l ,  and radial  

arrangements of such devices  u t i l i z i n g  a s i n g l e  c e n t r a l  b a l l  e l e v a t o r  

would be advantageous.  Such an arrangement, f o r  a large number of radial  

ramps, might appear as a cone, a l though there would be wasted space 

between ramps near  the  per iphery .  

A s p i r a l  arrangement,  sketched i n  F igure  4-4, o f f e r s  f u r t h e r  

advantages and is suggested here f o r  f u r t h e r  s tudy.  I n  p lan  view, a 

series o f  s p i r a l  (rather than radial) ramps is suggested. S p i r a l i n g  

inward a t  a cons t an t  ang le  t o  t h e  l o c a l  radial d i r e c t i o n ,  t h e s e  ramps 

would describe l o g  s p i r a l  paths .  To u t i l i z e  added space near t h e  

per iphery ,  a d d i t i o n a l  ramps could be added, provid ing  a d d i t i o n a l  impact 

a c t i o n  where needed. These in te rmedia te  ramps would end s h o r t  of the  

c e n t e r  and b a l l s  discharged from them would be  fed  t o  t h e  b a l l  e l e v a t o r  
I 

without  descending t o  t h e  l e v e l  o f  t h e  cen te r .  
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Figure 4-4 

PLAN VIEW - STATIONARY SPIRAL BALL MILL 

.L MOTION 
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I n  c r o s s  s e c t i o n  the  arrangement. would appear as a co2e, and a - 
c o n i c a l  cover  o r  shroud is provided t o  conf ine  the  outward flowing 

f l u i d .  Because of the  inc reas ing  radial flow area, a cons t an t  

step-to-shroud gap would provide a v e l o c i t y  which decreases l i n e a r l y  w i t h  

i nc reas ing  r ad ius ,  but  a contoured shroud could provide any o t h e r  

v a r i a t i o n .  

A s p i r a l i n g  outward flaw a t  r ight  ang le s  t o  the  inwardly s p i r a l i n g  

ramps as shown i n  the  flow p a t t e r n  .is l i k e l y  t o  provide  a bet ter  

d i s t r i b u t i o n  of material over t he  iIapact areas. 

t a n g e n t i a l  v e l o c i t y  component w i l l ,  wi th  t h e  absence o f  guide vanes,  

n a t u r a l l y  fo l low a log sp i ra l  path--hence t h e  suggested fog s p i r a l  ramps 

s i n c e  they would make a cons t an t  ang le  w i t h  t h e  local f l u i d  v e l o c i t y .  

Incoming f l u i d  having a 

Ridges a long  the edges of the ramps, t o  c o n s t r a i n  bal ls  wi th in  the  

ramp, m i g h t  a l s o  s e r v e  t o  gene ra t e  Local low v e l o c i t y  zones ( l i k e  a snow 

fence)  t o  concen t r a t e  material i n  the pa ths  o f  the impacting balls.  

However, these and o t h e r  l o c a l  flow d i s tu rbances  may a l s o  cause  

undes i r ab le  s t a g n a t i o n  and excess ive  bui ldup of material. Carefu l  des ign  

and t e s t i n g  would be r equ i r ed  i f  such behavior  is troublesome. 

4.4.4 Power and Performance Estimates 

Power is consumed p r i m a r i l y  i n  e l e v a t i n g  bal ls  from their discharge 

po in t  t o  the t o p  of the machine, j u s t  as it is i n  the outermost l a y e r  o f  

ba l l s  i n  a b a l l  m i l l .  This power is expended, hopefu l ly  i n  u s e f u l  

fash ion ,  as the  balls descend the  ramps, a g a i n  j u s t  as i n  a convent iona l  

m i l l ,  bu t  i n  t h i s  case t h e  impact, ene rg ie s ,  par t ic le  sizes,  and par t ic le  

q u a n t i t i e s  are much more c l o s e l y  con t ro l l ed .  
W 
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Power consumption is equa l  t o  t h e  rate o f  l i f t i n g  ba l l s  which, i n  

t u r n ,  is equa l  t o  and l i m i t e d  by the  rate o f  b a l l  descent .  Ball descent  

rate down a series o f  steps can be c a l c u l a t e d  i f  one knows or  assumes t h e  

r e s i d u a l  v e l o c i t y  after each impact, bu t  the answer ( p a r t i c u l a r l y  f o r  

small steps) is e s s e n t i a l l y  equa l  t o  the assumed r e s i d u a l  v e l o c i t y .  

first estimate f o r  rough s i z i n g  purposes,  one can s imply assume t h a t  the  

descent  rate is roughly equa l  t o  t h a t  experienced i n  convent iona l  b a l l  

m i l l s .  

must be about  equa l  t o  the  s u r f a c e  speed of the  m i l l ,  which, f o r  a given 

As a 

From c o n t i n u i t y ,  t he  descent  rate o f  s u r f a c e  bal ls  i n  a b a l l  m i l l  

m i l l  diameter is well known ( t y p i c a l l y  about  75% of  c r i t i ca l  speed) .  

another  way, the power d e n s i t y ,  s ay  i n  power per u n i t  s u r f a c e  area, w i l l  

be about  the same f o r  the  spiral  m i l l  as f o r  b a l l s  a long  the  s u r f a c e  of a 

convent ional  m i l l .  Thus, i f  the  o u t e r  ba l l s  i n  a convent iona l  m i l l  

absorb about  half the  power, then a spiral  m i l l  w i l l  consume about  half  

t h e  power of a convent iona l  m i l l  o f  t h e  same s i z e  (same p lan  area, 

roughly same volume). 

P u t  

The throughput per  ki lowatt-hour  o f  t he  sp i r a l  m i l l  should be much 

bet ter  than t h a t  of a convent iona l  m i l l  because of  matched impact 

ene rg ie s ,  better and classified s o l i d s  d i s t r i b u t i o n ,  prompt removal o f  

f i n i s h e d  product ,  arid larger capture  volume per impact. O f  these 

f e a t u r e s  only the  lat ter can be q u a n t i f i e d  a t  t h i s  time: because of the  

f la t  surface impact, t h e  s p i r a l  m i l l  has twice the  cap tu re  volume per 

impact.* So long as the  impact energy is s u f f i c i e n t  (and it is  

*By provid ing  a concave t rough- l ike  s t e p  su r face  the m u l t i p l e  can be 
f u r t h e r  increased ,  up t o  a t h e o r e t i c a l  mu l t ip l e  o f  twice the  square  r o o t  
of  R2/Rp f o r  a c l o s e  f i t t i n g  180° trough engagement (about  89 f o r  
50 IJ p a r t i c l e s  and 100 mm balls) .  Such a f u l l  engagement trough would be 
i m p r a c t i c a l  and would p r e s e n t  material d i s t r i b u t i o n  problems, bu t  another  
doubling o r  so of capture  volume i n  a shal low trough seems e n t i r e l y  
reasonable .  

II 

W 
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excess ive ) ,  twice the  cap tu re  volume per  impact means simply twice t h e  

ou tpu t  per  energy expendi ture .  Herrce the  s p i r a l  m i l l  should be a t  least 

twice as e f f e c t i v e  as t h e  convent ional  m i l l .  

v 

I n  summary, f o r  m i l l s  o f  about  the  same s i z e ,  t h e  s p i r a l  m i l l  should 

absorb  about  h a l f  the  power of a convent ional  m i l l  whi le  process ing  a t  

least t h e  same amount o f  ma te r i a l .  

4.5 Autogenous Shear M i l l  

The autogenous shear m i l l  r e p r e s e n t s  q u i t e  a d i f f e r e n t  p u r s u i t  of t h e  

new design p a t h s  of Sec t ion  4.3.1, and y e t  i t  appears  t o  s a t i s f y  most of 

them as well as some o f  t h e  "o ther  design goa ls f f  o f  Sec t ion  4.3.2. 

4.5.1 Basic Design A i m s  

The des ign  aims inc lude  direct  energy i n p u t ,  e f f e c t i v e  and graded 

removal o f  small p a r t i c l e s  asl formed, rugged s imple des ign ,  low wear of 

component par ts ,  and high power dens i ty .  These des ign  aims can b e s t  be 

i l l u s t r a t e d  i n  terms of  t h e  suggested o v e r a l l  design.  

4.5.2 Suggested Overa l l  Design 

The autogenous shear m i l l  is  designed so t h a t  v i r t u a l l y  a l l  o f  the 

inpu t  energy is consumed d i r e c t l y  by shale fragments shea r ing  a g a i n s t  one 

another .  It is ftautogenouslt i n  t h e  sense t h a t  high f o r c e s  and most 

h ighly  loaded r e l a t i v e  motion occur between shale fragments,  r a t h e r  t han  

between s h a l e  and metal, i n  an a t t e m p t  t o  minimize machine wear. The 
I 
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r e l a t i v e  motion is, on a g r o s s  s c a l e ,  the  shea r ing  o f  one mass o f  

g ranu la r  shale against another  similar mass. 

s i n c e  rock shear strength is t y p i c a l l y  much less than compressive 

s t r e n g t h ,  bu t  on a l o c a l  scale it is  l i k e l y  t h a t  most particle-to- 

particle i n t e r a c t i o n s  are compressive. 

Thi:j may improve e f f i c i e n c y  

The b a s i c  concept  is shown i n  c ros s - sec t ion  i n  F igure  4-5. A vaned 

r o t o r  r o t a t e s  about  a v e r t i c a l  a x i s  wi th in  a vaned s t a t o r .  The two vaned 

elements could coun te r - ro t a t e ,  b u t  t h e r e  seems l i t t l e  advantage t o  t h i s  

greater complexity.  A separate downward flowing column o f  shale 

fragments is top-fed i n t o  each vaned element. The basic o b j e c t  of t h e  

design is t o  es tabl ish r e l a t i v e  r o t a t i o n  between t h e s e  columns and t o  

concen t r a t e  t h e i r  i n t e r a c t i o n s  i n  a r e l a t i v e l y  t h i n  shear zone where 

comminution w i l l  take place, probably as much by a t t r i t i o n  o f  coa r se  

p a r t i c l e s  as by crushing .  

loaded r e l a t i v e  motion between shale fragments and metal s u r f a c e s  i n  an 

a t tempt  t o  minimize wear o f  t h e  la t ter .  

are the  fol lowing:  

It is a f u r t h e r  o b j e c t i v e  t o  minimize h e a i i l y  

Among the  major des ign  features 

1) Above t h e  tops  o f  the  vanes the two feed columns are separated by 

c y l i n d r i c a l  she l l s  so t h a t  each column can e n t e r  i ts r e s p e c t i v e  vaned 

zone without  r o t a t i o n  r e l a t i v e  t o  t h e  vanes and consequent wear o f  their  

upper edges. 

2 )  The r o t o r  and s t a t o r  c r o s s  s e c t i o n s  shown i n  F igure  4-6 provide 

r e l a t i v e l y  deep ( i n  t h e  radial  d i r e c t i o n )  pockets  t o  es tabl ish s o l i d  body 

r o t a t i o n  ( o r  non-ro ta t ion)  o f  each column. Motion r e l a t i v e  t o  t h e  vane 

s u r f a c e s  is j u s t  the very low v e l o c i t y  downward feed motion of  t h e  

material. 
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Figure 4-5 

VERTICAL SECTION CiF AUTOGENOUS SHEAR MILL 

Rotor Drive System 

Coarse Shale Feed 

Water Surface 

Water and  Fine 

Upward Water Flow 

Downward Coarse 

Water Inf low 

Vertical Adjustment 



4-30 

Figure 4-6 

R O T ~ R  CROSS SECTION FOR AUTOGENOUS SHEAR MILL 

‘Stator 
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3 )  Feed material flows downward by g r a v i t y  a c t i n g  both on t h e  
v 

material wi th in  the pockets  and the  head of  material above the  vaned 

po r t ions .  It is urged inward t o  the  i n t e r f a c e  as it  progresses downward 

by the  tapered pocket shape. 

4) To minimize wear o f  the  vane t i p s ,  and t o  avoid  very high l o c a l  

loading ,  t h e  gap between rotor arid s t a t o r  i s  equa l  to  o r  s l i g h t l y  larger 

than  maximum feed s i z e  (perhaps aboiJt one inch ) .  Wear w i l l  i n e v i t a b l y  

occur ,  and the vane t i p s  s1ioul.d be  ha rd  faced,  p ro t ec t ed  by tungs ten  

carbide i n s e r t s ,  o r  designed f o r  pe r iod ic  simple replacement.  

5) Crushed material is car8ried upward from the  shear zone and ou t  a t  

the  t o p  o f  t h e  s t a t o r  by an upward f l u i d  flow. By r e g u l a t i n g  the flow 

v e l o c i t y ,  and perhaps the  concent ra t ion  o f  the  r e s u l t a n t  s l u r r y ,  the  s i z e  

of material carried from the  machine can be con t ro l l ed .  In te rmedia te  

s i z e d  material w i l l  be dropped o u t  wi th in  voids  i n  t h e  coarse feed 

material and carried back t o  the  shear zone by the  motion of the  la t ter .  

I n  a d d i t i o n  t o  these b a s i c  f e a t u r e s ,  numerous design details can be 

suggested a t  t h i s  time. It is l i k e l y  tha t ,  whatever the feed s ize  and 

r o t o r - t o - s t a t o r  vane gap, br idging  w i l l  occur f r equen t ly ,  c r e a t i n g  l o c a l  

h igh  forces. Obviously the spac ing  of r o t o r  and stator vanes must no t  be 

t he  Same i n  o rde r  t o  avoid p e r i o d i c  very high torques.  

ope ra t ion  w i l l  be assured  i f  one o r  both sets o f  vanes are s p i r a l e d  about  

the r o t a t i o n  a x i s  t o  e l i m i n a t e  simultaneous convergence along the  l eng th  

Much smoother 

of  a vane. Such s p i r a l i n g  can a l s o  be used i n  an auger - l ike  fash ion  t o  

fo rce  feed the  material, minimizing o r  e l i m i n a t i n g  the  need for a head of 

material above t h e  machine (a l though v a r i a t i o n  o f  such a head may make a 

convenient means o f  machine contro:'.). 
I 



4-32 

Water should be fed  upward a t  the  bottom o f  the  machine i n  such a way 

as t o  f l u s h  fragments from the  lower bear ing  and s e a l  area. Recycled 

r e l a t i v e l y  d i r t y  water could be used t o  keep solids ou t  o f  t he  g e n e r a l  

area while c l ean  make-up water could be introduced through a gland t o  

p r o t e c t  the  lower seal from a l l  d i r t . *  

To provide adjustment  f o r  the  r o t o r - t o - s t a t o r  vane gap, e i ther  f o r  

d i f f e r i n g  feed s i z e s  o r  t o  compensate f o r  wear, the  two elements  can be 

s l i g h t l y  c o n i c a l  as shown i n  F igure  4-7. Vertical adjustment  o f  ei ther 

element t h u s  v a r i e s  the  gap ( i n  a manner now used t o  vary the t h r o a t  gap 

i n  gy ra to ry  and cone c rushe r s ) .  

4 . 5 . 3  Power Cons idera t ions  

Power consumption o f  t h e  autogenous shear m i l l  may be estimated i n  

terms of t he  shear strength exh ib i t ed  by a g r a n u l a r  material. When 

confined by a normal stress N ,  such material develops a shear 

strength S. 

l i n e a r  curve o f  s l o p e  9 such t h a t  

P l o t t i E g  S a g a i n s t  N f o r  a range o f  crushed rocks y i e l d s  a 

S = N. t an$  

and,  f o r  t he  t y p i c a l  case 9 is about  30" so 

S = .577N 

(4-8) 

(4-9) 

Referring t o  Figure  4-8, normal stress a t  the  c y l i n d r i c a l  shear zone is 

simply the  h y d r o s t a t i c  p re s su re  o f  the  column o f  crushed shale i f  t h e  

vanes are no t  s p i r a l e d .  With cons iderable  material v i b r a t i o n  it is 

*The lower bea r ing  could be e l imina ted  if t h e  r o t o r  were c a n t i l e v e r e d  
from above, bu t  bearing p r o t e c t i o n  is not  t h a t  d i f f i c u l t  and the  lower 
bear ing  p o s i t i o n  does provide a much more rugged design.  
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Figure 4-7 

CON I CAL GEOMETRY FOR AUTOGENOUS SHEAR M I L L  

mt Vert ical  rotor adjustment 

Conical gap region 

Figure 4-8 
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reasonable  t o  assume t h a t  the  crushed material w i l l  behave e s s e n t i a l l y  as 

a f l u i d  i n  t h i s  regard. Then the  mean h y d r o s t a t i c  p re s su re  is  

where N = mean h y d r o s t a t i c  stress a t  mid-vane height 

w = bulk weight per u n i t  volume of feed . 

h = vane height 

h = e x t e r n a l  head 

V 

e 
The t o t a l  to rque  on the  r o t o r  then is: 

V 
Torque = 27rR h w(- 

h 

v 2  
2 

Power is  given by 

+ he) tan 9 

Torque ( f t - l b )  x rpm 
5252 H . P .  = 

(4-10) 

(4-1 1) 

(4-12) 

A t  t h i s  po in t  it is  necessary t o  estimate what t he  speed o f  such a 

machine m i g h t  be. Lacking a more specific g u i d e l i n e ,  it is assumed t h a t  

t h e  speed might be similar t o  t h a t  o f  a tunne l  bo re r  o r  large bor ing  t o o l  

o f  the  same diameter. A s  a rough r u l e  o f  thumb, such machines are 

l i m i t e d  t o  120/D rpni where D is diameter i n  feet. I n  effect  t h i s  r u l e  

establishes a maximlm t i p  speed f o r  such bor ing  devices .  

then ,  

For our  g r i n d e r  

rpm = 60/R (4-13) 

Combining equa t ions  (4-9), (4-ll), (4-12), and (4-13), and f o r  a bulk 

weight o f  90 l b / f t 3 ,  

hV 
Power = 4.15 Rhv w ( 2  + he) (4-14) 
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For a l treasonablell  example, cons ider  a m i l l  10 feet i n  diameter and 

According t o  the above estimates it would rotate a t  j u s t  
I 

10 feet  high. 

12 rpm and, w i t h  no e x t e r n a l  head, absorb j u s t  over 1000 horsepower. 

With 10 feet o f  e x t e r n a l  head it would absorb j u s t  over  3000 horsepower. 

S p i r a l  vanes,  which would be used i n  any case, would inc rease  these 

powers ( o r  decrease the r equ i r ed  e x t e r n a l  head) .  Without tests, of 

course ,  the  rather low speed is only a very rough estimate based upon 

lvsimilart' rugged s e r v i c e  of a not-so-similar device.  

Est imat ion o f  the  throughput  of such a device is more d i f f i c u l t ,  

there be ing  no known data on the  g r ind ing  e f f e c t i v e n e s s  o f  a shea r ing  

i n t e r f a c e  between two masses o f  g ranu la r  material. Qua l i t a t ive ly  t h e  

autogenous shear m i l l  would seem t a  be more e f f e c t i v e  than  a convent iona l  

b a l l  m i l l  i n  s e v e r a l  c a t e g o r i e s  discussed i n  Sec t ion  4.2. The energy is 

imparted d i r e c t l y  t o  the  shale, avoiding t h e  random loss  mechanisms o f  a 

b a l l  m i l l .  It can be argued t h a t  there can be n e i t h e r  excess ive  nor 

i n s u f f i c i e n t  energy l o s s e s  a t  each i n t e r a c t i o n .  I n s u f f i c i e n t  energy 

l o s s e s  are avoided because,  compared t o  i n d i v i d u a l  fragment i n t e r a c t i o n s ,  

the m i l l  is a massive and irresist ible d r ive .  A t  t he  same time, 

excess ive  energy cannot be de l ive red  because the  energy de l ive red  is only 

t h a t  necessary t o  overcome r e s i s t a n c e  t o  motion. I n  effect, t he  machine 

is a lvdisplacementll mechanism (as c o n t r a s t e d  t o  a vlloadtt mechanism) t h a t  

d e l i v e r s  j u s t  the  fo rce  needed t o  produce a f ixed  displacement  and no 

more. This  behavior  may be p a r t i c u l a r l y  h e l p f u l  wi th  a somewhat 

r e s i l i e n t  material l i k e  o i l  shale. S i m i l a r l y ,  l imi ted  target area and 

i n s u f f i c i e n t  charge per  i n t e r a c t i o n  are no t  loss mechanisms because 

e s s e n t i a l l y  a l l  o f  t h e  power inpu t  is due only t o  direct  i n t e r a c t i o n s  and 

i f  there are too few there wi:L1 De l i t t l e  power input .  One l o s s  which 
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can occur  desp i t e  these arguments is i n s u f f i c i e n t  stress. 

coa r se  fragments may s l i d e  and r o l l  over one ano the r  i n  the  shear zone 

without  g e n e r a t i q  s u f f i c i e n t  stress t o  cause f r a c t u r e s .  However, t h i s  

behavior ,  which would a l s o  lead t o  low power i n p u t ,  can be simply 

That is ,  t h e  

overcome by i n c r e a s i n g  the  e x t e r n a l  head on the  machine, thereby 

i n c r e a s i n g  the  loading  i n  the  shear zone. 

r e l a t i v e  t o  the  selected l o s s e s  wi th in  a b a l l  m i l l  it seems reasonable  t o  

a$sume t h a t  the  autogenous shear m i l l  w i l l  be a t  least twice as e f f i c i e n t  

as a b a l l  mill. 

With a l l  these arguments 

The autogenous shear m i l l  is not  u n l i k e  a gy ra to ry  c rushe r  i n  g e n e r a l  

conf igu ra t ion .  It is  a somewhat more complex shape but  no t  s u b j e c t  t o  

the  enormous loads o f  t h e  lat ter.  Furthermore,  i t  uses  about  the same 

power: a gy ra to ry  c rushe r  having 5 - f O O t  feed openings ( i . e . ,  over  10 

f o o t  i n l e t  diameter) and an 8-foot  mantle diameter is l i s t ed  a t  1000 

horsepower. 

power, t h u s  r e q u i r i n g  a s t ronge r  d r i v e  t r a i n .  It is estimated, 

t h e r e f o r e ,  t h a t  the  autogenous shear m i l l - w i l l  be about  twice as  c o s t l y  

per horsepower as a gy ra to ry  c rusher .  

However the  autogenous shear m i l l  has r e l a t i v e l y  low speed 

I n  summary then ,  t he  autogenous 

shear m i l l  is estimated t o  be about twice as product ive  pe r  horsepower as 

a b a l l  m i l l ,  and twice as c o s t l y  per horsepower as a gyra to ry  m i l l .  

4.6 Pneumatic Impact M i l l  

4.6.1 Basic Design A i m s  

The pneumatic impact m i l l  employs a gas stream t o  accelerate s o l i d  

particles and impact them a g a i n s t  a s o l i d  target,  o f f e r i n g  the a b i l i t y  t o  
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c l o s e l y  match p a r t i c l e  energy t o  f r a c t u r e  requirements .  

aims are then d i r e c t  energy input. t o  t h e  p a r t i c l e s ;  energy matched t o  

The b a s i c  des ign  
I 

p a r t i c l e  requirements;  s e l e c t i v e  and prompt discharge o f  f i n a l  p a r t i c l e s ;  

and low wear rate o f  components. Pneumatic conveying o f  material permi ts  

r e l a t i v e l y  simple s e p a r a t i o n  according t o  s i z e  and, hence, t h e  

oppor tuni ty  t o  treat r a t h e r  narrow usize ranges i n  i n d i v i d u a l  stages o f  a 

mul t i - s tage  process .  On t h e  o the r  hand, i f  the  simple cpns t an t  energy 

per  u n i t  volume model used i n  Sect i lm 4.2.5 is c o r r e c t ,  then  the r equ i r ed  

impact v e l o c i t y  is independent of' s i z e  and the  only s i z i n g  necessary  w i l l  

be t o  remove f i n i s h e d  p a r t i c l e s  while r ecyc l ing  a l l  overs ize .  That is 

.. 2 

(4-15) 

where V = impact v e l o c i t y  t o  f r a c t u r e  imp 

p = p a r t i c l e  dens i ty .  

I n  terms of the  l o s s  mechanisms d iscussed  i n  Sec t ion  4.2, t h i s  

approach o f f e r s  great p o t e n t i a l ,  bu: it may in t roduce  a new loss  

mechanism o f  its own. It is p o s s i b l e  t h a t  an apprec i ab le  f r a c t i o n  of  

s o l i d  p a r t i c l e s  w i l l  no t  impact e f f e c t i v e l y  a g a i n s t  a sol id  target. 

P a r t i c u l a r l y  f o r  very  small p a r t i c l e s ,  i n d i v i d u a l  impacts may be 

cushioned by the  gas, and some p a r t i c l e s  may simply fo l low f l u i d  

s t r eaml ines  and miss the impact target. S ince  small p a r t i c l e s  are o f  

major concern,  t h i s  may be a s e r i o u s  l i m i t a t i o n  o f  t h i s  approach. 

Energy i n p u t  t o  t h e  gas ( a i r  o r  perhaps steam) can be e f f i c i e n t l y  

accomplished and t h i s  can be converted d i r e c t l y  i n t o  p a r t i c l e  k i n e t i c  

energy i n  a s imple nozzle. Energy will be wasted i n  d ischarge  k i n e t i c  

.I energy of t h e  gas, but  t h i s  should '36 an accep tab le  loss  since t h e  mass 
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flow o f  gas can be low r e l a t i v e  t o  the  s o l i d s  mass flow. 

As an added advantage i n  some s i t u a t i o n s ,  m i l l i n g  w i l l  be a dry 

process  so tha t  dewater ing w i l l  no t  be necessary i f  a dry s e p a r a t i o n  

process  is t o  be used. Also, f o r  o i l  shale, f r a c t u r i n g  o f  i n d i v i d u a l  and 

separate particles should avoid smearing o f  kerogen on to  minera l  

particles. 

4.6.2 Some SuKgested DesiRn Details 

The o v e r a l l  arrangement c o n s i s t s  o f  nozz les  d i r e c t i n g  jets a t  s o l i d  

targets, par t ic le  pickup systems such as vacuum c o l l e c t o r s ,  and pneumatic 

s e p a r a t i o n  means such as cyclone s e p a r a t o r s .  A l l  are r e l a t i v e l y  s imple  

and w e l l  known devices .  To a s s u r e  reasonable  component l i f e  it  w i l l  be 

necessary t o  avoid wear o f  machine components. Nozzles can be designed 

us ing  p e r i p h e r a l  c l e a n  gas cushions t o  minimize pa r t i c l e - to -wa l l  c o n t a c t  

i n  h igh  v e l o c i t y  areas. The target i t s e l f ,  an unavoidably high wear 

area, can be simply coa r se  o i l  shale fragments,  i n  which case target wear 

par t ic les  become u s e f u l  product .  For example, a moving conveyor loaded 

w i t h  shale can provtde a cont inuous ly  renewed target su r face .  Like  the 

preceding concept ,  the  device is an  "autogenous" m i l l  i n  t h i s  respect. 

4.6.3 Power Cons idera t ions  

More than e i ther  o f  the o t h e r  concepts ,  the  pneumatic impact m i l l  can 

match the energy requirements  of any par t ic le  size.  Consequently i t  

o f f e r s  the p o t e n t i a l  o f  q u i t e  high e f f i c i e n c y ,  bu t ,  by the  same 

reasoning,  e s t ima t ion  of its performance demands knowledge of the  a c t u a l  
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energy requirement.  Therefore ,  because any estimate a t  t h i s  time would 
I 

r e q u i r e  an assumption o f  t h i s  unknown requirement ,  and also because there 

is s e r i o u s  doubt t h a t  the  concept w i l l  func t ion  f o r  t he  very small 

particles of u l t i m a t e  i n t e r e s t ,  t h i s  approach w i l l  n o t  be examined 

f u r t h e r  a t  t h i s  time. 

4.7 Basic Research Requiremen& 

The foregoing  d i scuss ions  a l l  p o i n t  t o  the n e c e s s i t y  o f  b a s i c  

research t o  establish the  a c t u a l  m i n i m u m  energy requirements  for 

comminution of o i l  shale and f o r  many o the r  materials as well. I n  simple 

terms, i f  we wish t o  avoid expendi ture  o f  excess ive  energy i n  comminution 

then we must know, wi th  some accuracy,  how much energy must be expended. 

The need f o r  basic understanding of t h e  comminution process  goes  beyond 

merely s e t t i n g  goals f o r  purpose:3 o f  performance eva lua t ion :  

basic understanding o f  the phys ics  of  the  material behavior  t h a t  can be 

expected t o  sugges t  new and s u b s t a n t i a l l y  improved means o f  comminution. 

Such an understanding would b e  of  va lue  for a l l  conceivable  comminution 

dev ices  i n  the  sense  t h a t  the  information needed is material behavior ,  

no t  device  behavior .  

it inc ludes  

The autogenous shear m i l l  concept o f  shea r ing  a coa r se  g ranu la r  

material a g a i n s t  i t se l f  should be i n v e s t i g a t e d .  

proposed seems reasonable ,  and i n  fact it would seem t o  be a convenient 

geometry f o r  experimental  s t u d i e s .  

concept j u s t i f y  a basic s tudy o f  t he  phenomenon whether or not t h i s  

p a r t i c u l a r  design concept is the best .  

The conf igu ra t ion  

The apparent  advantages of the basic 

'II 

Comminution research should proceed i n  c l o s e  coopera'Gion wi th  

s e p a r a t i o n  s t u d i e s  f o r  the product:i of  comminution. It 's q u i t e  l i k e l y  
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t h a t  comminution p rocesses  can s u b s t a n t i a l l y  affect downstream s e p a r a t i o n  

behavior.  O f  particular i n t e r e s t  f o r  o i l  shale b e n e f i c i a t i o n ,  smearing 

o f  the kerogen ora minera l  p a r t i c l e s  can obviously confuse t h e  s e p a r a t i o n  

i s s u e s .  Thus a c a r e f u l  c h a r a c t e r i z a t i o n  of the v a r i o u s  comminution 

processes  wi th  respect t o  the  l i b e r a t i o n  of minera ls  and wi th  r e s p e c t  t o  

subsequent s epa ra t ion  processes  should proceed i n  p a r a l l e l  w i t h  both 

basic comminution s t u d i e s  and sepa ra t ion  s t u d i e s .  

4.8 Process  Design and Cost 

The engineer ing  and economic a n a l y s i s  of novel  comminution equipment 

w i l l  be l imi t ed  t o  the  s t a t i o n a r y  s p i r a l  and autogenous shear m i l l s  

because the pneumatic impact m i l l  is  too  conceptua l  a t  t h i s  po in t  t o  

a l low even p re l imina ry  equipment design and cos t ing .  

4.8.1 S t a t i o n a r y  Spi ra l  M i l l  

A conceptua l  eqbipment des ign  ind ica t ed  tha t  it is p o s s i b l e  t o  b u i l d  

S t a t i o n a r y  S p i r a l  M:.lls (SSM) a t  a s i z e  t h a t  would a l low the  replacement 

of b a l l  m i l l s  a t  least on a one-for-one basis. The diameter and he igh t  

o f  t h e  u n i t  would be wi th in  t h e  24' t o  28' and 28' t o  36'  ranges,  

r e s p e c t i v e l y .  The equipment would have t o  be f i e l d  assembled because o f  

the large diameter o f  the housing. 

Anc i l l a ry  equipment would inc lude  a screen  t o  separate the ba l l s  from 

the  coarse  shale f r a c t i o n ,  a bucket e l e v a t o r  f o r  t h e  bal ls ,  and a s l u r r y  

tank and pump t o  recycle the coa r se  f r a c t i o n  (see Figure  4-91. 

s c reen  m i g h t  be an i n t e g r a l  par t  o f  the  m i l l .  

The 

The o t h e r  p rocess  
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equipment o f  the  SSM gr ind ing  s e c t i o n  would be the  same as tha t  f o r  b a l l  

m i l l  g r ind ing  (F igu re  3-2). 

The SSM c o s t  should be s u b s t a n t i a l l y  lower than t h a t  of a b a l l  m i l l  

because the  former is e s s e n t i a l l y  an immobile v e s s e l  wi th  complex 

i n t e r n a l s .  The c o s t  o f  the a n c i l l a r y  equipment inc lud ing  d r i v e s  should 

be only a f r a c t i o n  o f  t he  SSM proper .  On the  o t h e r  hand, a b a l l  m i l l  i s  

a r o t a t i n g  body t h a t ,  while s imple,  has t o  have heavy walls t o  withstand 

the  cons t an t  impact o f  tumbling balls.  

a n c i l l a r i e s  should be a t  least one ha l f  t he  s ize  of those  f o r  a b a l l  m i l l .  

An a n a l y s i s  of the  approximate range o f  SSM costs was made based on 

The elestr ic  motors o f  t h e  SSM 

c o s t s  o f  similar equipment such as spiral  g r a v i t y  concen t r a to r s ,  j i g s ,  

and va r ious  s o l i d  b lenders  wi th  r e l a t i v e l y  l ight  i n t e r n a l  moving parts.  

The c o s t i n g  o f  the  a n c i l l a r i e s  was s t r a igh t fo rward .  

Bank (Ref. 54) and Mullar (Ref. 74) were used f o r  t he  estimates. The 

a n a l y s i s  i nd ica t ed  t h a t  the  SSM c o s t  i nc lud ing  a n c i l l a r i e s  should be a t  

least one half t h a t  o f  the  b a l l  m i l l  wi th  t h e  same capacity o f  6250 

tons lday  dry  shale. 

The ASPEN Cost Data 

4.8.2 Autogenoiis Shear M i l l  

The conceptua l  equipment des ign  o f  the  Autogenous Shear M i l l  ( A S M )  

was done based on a l a rge - s i ze  (10'  diameter x 10' long)  gy ra to ry  c rushe r  

made by Allis-Chalmers (Ref. 55). An ASM o f  t h i s  s i z e  would r e q u i r e  a 

1,000 kW motor. To take advantage of the  economy o f  scale, t h e  1,000 HP 

ASM was scaled-up t o  a volume no t  exceeding the  b a l l  m i l l s  used i n  the  

Base Case with b e n e f i c i a t i o n .  
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I 
The Base Case r e q u i r e s  26,4013 HP per  t r a i n  per  g r ind ing  stage f o r  a 

4 - t r a i n  p l a n t  (see Table 3-3).  As t h e  ASM should use  a t  the  most 

50% of t he  power of a b a l l  m i l l . ,  the scale-up factor is 

0.5 x 26,400/1,000 = 13.2. Assuming t h a t  power is p r o p o r t i o n a l  t o  the  

r o t a t e d  volume, the diameter and he igh t  o f  one scaled-up ASM should be 

20'  t o  24'  and 24' t o  33 ' ,  r e s p e c t i v e l y ,  d r iven  by two 6,600 kW motors. 

Four u n i t s  o f  t h i s  s i z e  would be used per  stage and would n o t  r e q u i r e  any 

a n c i l l a r y  equipment. The o t h e r  prclcess equipment can be assumed 

unaf fec ted  by the change from three1 b a l l  m i l l s  t o  one ASM pe r  t r a i n .  

4.8.3 Resu l t s  and Conclusions 

C a p i t a l  c o s t s  and power consumption f o r  three comminution 

options--the Base Case b a l l  m i l l i n g ,  t h e  SSM, and t h e  ASM--are summarized 

i n  t h e  fo l lowing  table: 

Table 4-1 

Comminution Options 

Option 

Base Case: Ball Mi l l ing  

S t a t i o n a r y  S p i r a l  M i l l  

Autogenous Shear M i l l  

Capi ta l  
Cost,  $M 

350 

170 

680 

Power 
Consumption, MW 

180 

90 

90 

Although the  Autogenous Shear M i l l  promises a s i g n i f i c a n t  r educ t ion  

i n  power consumption from t h e  Base Case, t h a t  reduct ion  is more than 

W offset  by a doubled  capi ta l  cost  arid a drast ic  change i n  design would be  

r e q u i r e d  t o  arouse i n t e r e s t .  
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The S t a t i o n a r y  Spiral  M i l l ,  on the  o the r  hand. c u t s  t h e  Base Case 

c o s t s  i n  ha l f  and f u r t h e r  examination is warranted t o  see i f  t h i s  

advantage can be realized o r  perhaps increased .  



SEPARA'L'ION ALTERNATIVES 5 -  --- 

I 

The "Base Case" b e n e f i c i a t i o n  systems descr ibed i n  Sec t ion  3 assume 

t h a t  f r o t h  f lo t a t ion - -o f  t h e  type described i n  Refs. 8 and 13--would be 

used t o  separate kerogen and mineral. par t ic les  ground t o  l i b e r a t i o n  s i z e  

by b a l l  m i l l i n g .  

p rocesses  tha t  are t e c h n i c a l l y  possl-ble t o  b r ing  about  a high-enrichment 

high-recovery sepa ra t ion .  

have been able t o  i d e n t i f y .  

However, f r o t h  f l o t a t i o n  is only  one o f  s e v e r a l  

This  secl;ion describes the processes  tha t  w e  

5.1 The Basis f o r  O i l  Shale Sepa ra t ions  

In p r i n c i p l e  kerogen can be separated from o i l  shale us ing  any 

phys ica l  p rope r ty  f o r  which kerogen and the minera l  have d i f f e r e n t  

va lues .  

phys i ca l  p r o p e r t i e s ,  it is necessary t o  cons ider  on ly  the  major minera l  

components. For Western U.S. o i l  shales, the  major minera l  Components 

are dolomite ,  calci te ,  and c l ay  minerals ;  f o r  Eas te rn  U.S. o i l  shales, 

t h e  major minera l  components i3re c l a y s  and qua r t z .  

S ince  there are many o i l  shale minera ls ,  each wi th  d i f f e r e n t  

Most phys ica l  s e p a r a t i o n  methods work best when the  o i l  shale has 

been comminuted t o  l i b e r a t i o n  s i z e s .  That is, when the  powder c o n s i s t s  

of i n d i v i d u a l  minera l  par t ic les  and i n d i v i d u a l  kerogen particles. 

Western and Eas te rn  o i l  shales the  l i b e r a t i o n  s ize  is on the  order of  

For 

10 v m  (Ref. 25). Due t o  the  p l a s t i c i t y  of kerogen, t r u e  l i b e r a t i o n  is 

probably no t  a t t a i n a b l e  wi th  p r e s e n t  g r ind ing  methods because kerogen 

w i l l  undoubtedly smear on minera l  su r f aces .  For t h i s  reason as well as  

t h e  oost  of grinding t,o -10 Ilm, mast sepa ra t ion  experiments have been 

performed on l a rge r - s i zed  oi l .  shale powders. As a r e s u l t ,  a p a r t i c u l a r  

s e p a r a t i o n  is l i m i t e d  by the  degree of l i b e r a t i o n  of the feed o i l  shale. 

1 
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Each s e p a r a t i o n  method can be ca tegor ized  by t h e  p h y s i c a l  p roper ty  

upon whiuh the  aepa ra t ion  is based. The followint: c a t e g o r i e s  are 

descr ibed:  d e n s i t y ,  w e t t a b i l i t y ,  s o l u b i l i t y ,  e l e c t r o s t a t i c ,  magnetic, 

o p t i c a l ,  f r i a b i l i t y ,  b io l each ,  and s t i c k i n e s s .  This  list reflects 

minera ls  process ing  technology and is by no means complete. Fu r the r  

r e sea rch  on t h e  phys ica l  p r o p e r t i e s  o f  kerogen and o i l  shale minera ls  

would be u s e f u l  t o  i d e n t i f y  p o t e n t i a l  new s e p a r a t i o n  techniques.  

5.1.1 Densi ty  Sepa ra t ions  

I n  p r i n c i p l e ,  i n d i v i d u a l  p a r t i c l e s  of kerogen ( s p e c i f i c  g r a v i t y  1.07) 

can be separa ted  from i n d i v i d u a l  p a r t i c l e s  of minera l  ( s p e c i f i c  g r a v i t y  

2.2-2.9) by p l ac ing  t h e  ground o i l  s h a l e  i n  a heavy medium, a f l u i d  w i t h  

a s p e c i f i c  g r a v i t y  between 1.07 and 2.2. I n  t h e  heavy medium, t h e  kero- 

gen p a r t i c l e s  w i l l  f loat  and t h e  minera l  p a r t i c l e s  w i l l  s i n k ,  fac i l i t a t -  

ing a sepa ra t ion .  A t  t h e  small l i b e r a t i o n  s ize  r equ i r ed  f o r  o i l  s h a l e ,  

t h e  t e rmina l  s e t t l i n g  v e l o c i t y  is very low. To improve t h e  ra te  o f  d i s -  

engagement, g r a v i t y  can be rep laced  by a larger c e n t r i f u g a l  fo rce .  The 

va r ious  d e n s i t y  s e p a r a t i o n  methods are reviewed below. 

not  capable  o f  t h e  kigh-enrichment s e p a r a t i o n s  sought i n  t h i s  s tudy  but  

These methods are 

they might be u s e f u l  pre-gr inding s t e p s  under some circumstances.  

5.1.1.1 Gravi ty  S e t t l i n g  

Knowles (Ref. 26) performed g r a v i t y  s e p a r a t i o n s  by a l lowing  a 30.7 

g a l l o n s  pe r  ton  ( g p t )  o i l  s h a l e  ground t o  -37 urn t o  se t t le  f o r  3 days i n  

l i q u i d s  with va r ious  s p e c i f i c  g r a v i t i e s  ranging from 1.18 t o  2.14. The 
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h ighes t  enrichment obta ined  was with  s p e c i f i c  g r a v i t y  2.14 recover ing  77% 1 

of  t h e  kerogen i n  a 43 gpt  concent ra te .  

Other s e t t l i n g  experiments were performed by Larson et  a l .  (Ref. 3).  

These a u t h o r s  ground a 25 gpt; o i l  shale sample t o  either - 3 + 114 inch  

o r  -3/4 + 1/4  inch. 

series c o n s i s t i n g  of specific: g r a v i t y  stages of 1.80, 1.95, 2.10, 2.25, 

Each gr ind  was sub jec t ed  t o  a f ive - s t age  s i n k - f l o a t  

and 2.40. The s i n k  material from the  previous  ( lower specific g r a v i t y  

stage) was s e n t  t o  the  next  ( h i g h e r  specific g r a v i t y )  stage. 

3-inch g r i n d ,  65% of the  o i l  s h a l e  averaging 18 g p t  was c o l l e c t e d  i n  the  

For t h e  

c 

f l o a t  from two consecut ive  s t a g e s  ( i .e. ,  2.10 and 2.25). Grinding t o  

-3/4 inch gave only 50% of  the o i l  shale averaging 17.5 gpt  i n  the f l o a t  

from those  two consecut ive  s t a g e s .  A t y p i c a l  r e s u l t  is t a b u l a t e d  below 

for  t h e  -3/4 + 1 /4  inch  g r ind :  

GPT F l o a t  - Recoverq, ( X  1 - 
1.80 2.74 70.4 

1.95 13.90 36.0 

2.10 31 -38 29.0 

2.25 45.33 17.4 

2.40 6.25 10.7 

0.4 Sink 2.40 0.39 - 
Average: 25 

A high enrichment and a low recovery are observed a t  1.80. The 

enrichment decreases as t h e  recovery i n c r e a s e s  for higher s p e c i f i c  

g r a v i t i e s .  Other o i l  shale samples with grades o f  23, 30, and 35 g p t  

were examined wi th  g e n e r a l l y  similar r e s u l t s .  

Kaczynski (Ref. 27) performed similar experiments  on a 13.8% kerogen - 
o i l  shale w i t h  n ine  s i z e  f r a c t i o n s  covering a range of  -1.5 inch t o  
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+200 mesh. The smaller s ize  f r a c t i o n  gave better s e p a r a t i o n s  below a 

s p e c i f i c  g r a v i t y  of 2.3, i n d i c a t i n g  t h a t  improved l i b e r a t i o n  improves 

sepa ra t ion .  

was achieved a t  a s izes  smaller than 28 mesh. 

Recovery of 90% o f  t he  kerogen wi th  an o r e  r e j e c t i o n  of 50% 

5.1.1.2 Cen t r i fuga t ion  

Knowles (Ref. 26) cen t r i fuged  two o i l  shale samples: one 52 g p t  and 

t h e  o t h e r  12.5 g p t .  

+250 - 180 ~.lm and cen t r i fuged  wi th  l i q u i d s  of specific g r a v i t y  1.8, 2.1,  

o r  2.35. For t h e  52 gpt shale, the  large g r i n d  gave very l i t t l e  

enrichment f o r  a l l  l i q u i d s  except  s p e c i f i c  g r a v i t y  1.8. 

45 percent  o f  the kerogen was recovered i n  a 71 gp t  concen t r a t e .  

smaller g r ind  gave similar r e s u l t s .  For the  12.5 gp t  shale, t h e  large 

g r i n d  gave very  l i t t l e  enrichment f o r  a l l  l i q u i d s  except  specific g r a v i t y  

Each o f  these shales was ground t o  +840-590 ym and 

For t h i s  l i q u i d  

The 

2.35. 

concent ra te .  The smaller g r i n d  gave similar r e s u l t s  f o r  specif ic  

g r a v i t i e s  1.8 and 2.1. For specific g r a v i t y  2.35, 52% o f  the  kerogen was 

recovered i n  a 19 gpt  concent ra te .  

For t h i s  l i q u i d  56% of the kerogen was recovered i n  a 15 g p t  

Thomas and Loreiiz (Ref. 28) used a c e n t r i f u g e  t o  i n v e s t i g a t e  how 

kerogen is bound t o  the  o i l  shale minera ls .  They pretreated o i l  shales 

w i t h  acid t o  d i s s o l v e  carbonates ,  and sodium hydroxide t o  d i s s o l v e  the  

clay minera ls .  

a s s o c i a t e d  wi th  kerogen. 

Their r e s u l t s  show t h a t  only i r o n  oxides  are c l o s e l y  
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5.1.1.3 Hydrocyclone. 

Roberts  and Schaefer Resource Se rv ices ,  Inc.  (Ref. 4) performed heavy 

medium cyclone s e p a r a t i o n s  on a 13 ,gpt o i l  shale us ing  va r ious  specific 

g r a v i t i e s  from 1.98 t o  2.39. Thei r  r e s u l t s  are t abu la t ed  below. The 

h i g h e s t  recovery was 82% g i v i n g  a hw-grade 18.5 gp t  concent ra te .  The 

highest-grade concen t r a t e  was 37.6  %gpt a t  a low recovery o f  19.2%. 

Specific 
Gravi ty  -- 
1.98 19 .2  37.6 

GPT - Recovery (%)  

2.10 42.9 31.9 

2.22 

2.25 

57.7 

64.8 

27.1 

24.9 

2.39 82.0 18.5 

Lopachenok et a l .  (Ref. 25)) performed experiments on Y3hantsyt1 r eg ion  

shale us ing  an  0.35-meter hydrocyclone. The au tho r s  eva lua ted  t h e  

e f f i c i e n c y  o f  s i z e  c lass i f . i ca t , ion  for  va r ious  ope ra t ing  cond i t ions .  No 

data were repor t ed  f o r  kerogen enrichment o r  recovery.  

5.1.2 Wet tab i l i ty  Sepa ra t ions  

Kerogen has very  d i f f e r e n t  s u r f a c e  p r o p e r t i e s  from the  o i l  shale 

minera ls .  Kerogen is o i l  wet t ing  while the  minera ls  are water wet t ing .  

W e t t a b i l i t y  d i f f e r e n c e  forms the  basis f o r  three sepa ra t ion8  methods: 

( 1 )  f r o t h  f l o t a t i o n ,  (2)  s e l e c t i v e  shear aggrega t ion ,  and ( 3 )  direct 

p e l l e t i z a t i o n .  The fundamentals of t h e s e  s e p a r a t i o n  methods are t h a t  

kerogen par t ic les  w i l l  be co1:Lected a t  e i ther  a water/gas o r  w a t e r l o i l  I 
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i n t e r f a c e ,  while t h e  minera l  p a r t i c l e s  w i l l  remain i n  t h e  water. 

small p a r t i c l e  s ize  r equ i r ed  f o r  kerogen l i b e r a t i o n  c o n t r i b u t e s  t o  gangue 

entrainment  which decreases the  grade o f  t h e  concant ra te .  

The 

5.1.2.1 Fro th  F l o t a t i o n  

Fro th  f l o t a t i o n  of oil shale has  a long h i s t o r y  d a t i n g  from a p a t e n t  

by S. Dolbear in 1924 (Ref. 30). This  p a t e n t  does no t  g ive  q u a n t i t a t i v e  

data on kerogen recovery and concen t r a t e  grade, but  does provide a 

d e s c r i p t i o n  of t h e  process  which is s u b s t a n t i a l l y  unchanged. I n  t h i s  

s e p a r a t i o n  method o i l  shale is pulver ized  and made i n t o  a water s l u r r y .  

The s l u r r y  is aerated forming a f r o t h .  The f r o t h  is c o l l e c t e d  and 

r e t o r t e d  t o  produce shale o i l .  The minera ls  remain i n  the  water s l u r r y  

and are discarded. Two f l o t a t i o n  a d d i t i v e s  are g e n e r a l l y  used. One 

called a f r o t h e r  is used t o  produce a stable f r o t h .  The o t h e r  called a 

c o l l e c t o r  is used t o  i n c r e a s e  the  hydrophobici ty  o f  the  kerogen 

p a r t i c l e s .  Typica l  f r o t h e r s  are p ine  o i l  and a l c o h o l s  while  t y p i c a l  

kerogen c o l l e c t o r s  Ere a lkanes  and medium b o i l i n g  p o i n t  shale o i l  

f r a c t i o n s .  

Kaczynski (Ref. 27) and Knowles (Ref. 26) performed f l o t a t i o n  

experiments on o i l  shale s l u r r i e s .  Each used an i o n i c  s u r f a c t a n t  as a 

f l o t a t i o n  c o l l e c t o r  and observed non-se lec t ive  sepa ra t ions .  The i o n i c  

s u r f a c t a n t  adsorbs  on the  kerogen s u r f a c e  and r ende r s  it hydroph i l i c .  

Hydrophi l ic  kerogen p a r t i c l e s  are not  c o l l e c t e d  a t  t h e  water/gas 

i n t e r f a c e  and remain i n  the  s l u r r y  l i k e  t h e  minera l  p a r t i c l e s .  For t h i s  

reason us ing  the  proper  f l o t a t i o n  c o l l e c t o r  is very important .  

c 
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A d e s c r i p t i o n  of the  f r o t h  f l o t a t i o n  process  f o r  o i l  shale is given 
W 

by Fahlstrom (Ref. 8 ) .  

carried o u t  a t  5-15% s o l i d s  by weight ground t o  80% pass ing  15-20 U m  for  

The au tho r  suggests t h a t  c l o t a t i o n  should be 

a time of 3-10 minutes depending on the o i l  shale. A medium b o i l i n g  

shale o i l  o r  amyl a l c o h o l  should be used as a f l o t a t i o n  c o l l e c t o r  i n  

conjunct ion  wi th  a " l i g h t "  f r o t h e r .  The paper does no t  g i v e  any s p e c i f i c  

r e s u l t s  bu t  sugges t s  t h a t  a 85-95% ?*ejec t ion  o f  ash-forming minera ls  can 

be expected. For a Western o i l  shale wi th  16.3% kerogen, a 90% kerogen 

recovery can be expected g iv ing  a 5'5% kerogen concen t r a t e  corresponding 

t o  an enrichment r a t i o  o f  3 . 4 .  From mass balance cons ide ra t ions  

Fahlstrom asserts t h a t  t h e  kerogen conten t  o f  the feed i n f l u e n c e s  the 

percent  r e j e c t i o n  o f  ash-forming minerals .  

t o  f l o t a t i o n  w i l l  g i v e  a lower' percent  r e j e c t i o n  o f  ash a t  a cons t an t  

Thus a higher-grade shale fed 

kerogen recovery.  
* 

Hanna and Rampacek (Ref. 3 1 )  g lve  r e s u l t s  of f r o t h  f l o t a t i o n  tests 

performed on f i n e l y  ground Eas te rn  and Western o i l  shales. A Wyoming oil 

shale w i t h  60 g p t  was concent ra ted  to  80 gp t  with a 93% recovery of 

kerogen. 

w i th  a 96.6% recovery of kerogen. 

An Alabama oil shale w i t h  10 gpt  was concent ra ted  t o  18 g p t  

Rosar e t  a l .  (Ref. 32) i n  a United States p a t e n t  d e s c r i b e  a f r o t h  

f l o t a t i o n  s e p a r a t i o n  o f  o i l  shale r i c h  i n  ino rgan ic  sodium compounds, 

p r i n c i p a l l y  n a h c o l i t e ,  dawsonite,  and t rona .  I n  t h i s  d i s c l o s u r e  the o re  

is ground t o  l i b e r a t i o n  and s l u r r i e d  i n  a sodium carbonate/bioarbonate  

b r ine .  After a e r a t i o n  t h e  organic- r ich  f r a c t i o n  of the  ore is recovered 

i n  the  f l o a t  p o r t i o n  and t h e  sodium compounds are recovered i n  t h e  

non-f loat  por t ion .  

rougher,  c l ean ing ,  and scavenger  f l o t a t i o n s  are performed. Three 

Details o f  B f l o t a t i o n  series are disclosed where - 
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examples are g iven  with s u f f i c i e n t  data t o  be use fu l .  These examples are 

t abu la t ed  below. 

Concentrate  (gp t )  - Feed (gpt) Recovery ( X I  - 
7.6 78.8 15.9 

13.6 66.3 26.8 

18.4 59.2 43.1 

Each example shows a high kerogen recovery w i t h  enrichment r a t i o s  on the  

o rde r  o f  two. 

A c u r r e n t  DOE c o n t r a c t  wi th  SRI I n t e r n a t i o n a l  e n t i t l e d ,  

l lConcentrating O i l  Shale by F ro th  F lo t a t ion"  is being performed by 

G. Krishnan; only pre l iminary  r e s u l t s  are y e t  a v a i l a b l e  (Ref. 13). To 

date some f r o t h  f l o t a t i o n  experiments  have been carried ou t  on both 

Eas te rn  and Western o i l  shale. For a 13.3% kerogen Western o i l ,  shale 

f i n e  g r ind ing  t o  10-15 v'm was necessary t o  l iberate the  kerogen. A small 

amount of  p ine  o i l  used as a f r o t h e r - c o l l e c t o r  agent  increased  recovery 

from 70 t o  90 % .  The concen t r a t e s  ob ta ined  from these f l o t a t i o n  

experiments had a grade o f  20% kerogen. 

shale f i n e  g r ind ing  t o  98% less than  44 pm was requ i r ed  f o r  l i b e r a t i o n .  

Pine o i l  used as a :*rother-collector agent  increased  the  kerogen recovery 

from 78 t o  92%. Bu, t h i s  i n c r e a s e  was associated wi th  a decrease i n  

concen t r a t e  grade from 19 t o  16.4% kerogen. 

concen t r a t e  f o r  3-1/2 hours gave a 30% kerogen concen t r a t e  upon f l o t a t i o n  

For an 8% kerogen Eas te rn  o i l  

Regrinding the  19% kerogen 

w i t h  a 90% recovery o f  the kerogen. 

y ie lded  a 37% kerogen concen t r a t e  wi th  an o v e r a l l  recovery o f  62%. 

Fur the r  r eg r ind ing  and r e f l o t a t i o n  

Th i s  

corresponds t o  an enrichment r a t i o  o f  4.5. 

This completes the  review of t h e  f l o t a t i o n  l i t e r a t u r e  a v a i l a b l e  i n  

English.  Chemical Abstracts provide s e v e r a l  r e fe rences  i n  Russian 
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concerning t h e  f l o t a t i o n  o f  o i l  srales. I n  the Sov ie t  Union f l o t a t i o n  
1 

concen t r a t e s  are used t o  f i r e  furnaces  and b o i l e r s .  Engl ish t r a n s l a t i o n s  

o f  two papers  by Lopachenok ( R e f .  33,341 have been obtained.  

Unfor tuna te ly ,  these papers  do not  g ive  any information on grade and 

recovery.  Other papers  by Proskuryakov, e t  a l .  (Ref. 35 t o  39) are not  

a v a i l a b l e  i n  Engl ish.  Only their  abstracts have been translated. These 

abstracts are reviewed below. 

Grade Grind Recovery --- 
-75-200 mesh 80% 62-75 % 

-200-325 mesh 70% 72-82% 
(roughe$*) 

Source 

Proskuryakov, e t  a l .  (Ref. 37) 

Proskuryakov, e t  al .  (Ref. 38) 

-- 

A g r i n d  of -70 mesh was adequate t o  l iberate t h e  ma jo r i ty  of o rgan ic  

p a r t i c l e s  while  g r i n d s  o f  200 t o  325 mesh were necessary  t o  produce a 

high-grade concent ra te .  The r e l a t i o n s h i p  between grade and recovery was 

t y p i c a l  ( i . e . ,  grade increased  as recovery dropped o f f ) .  

collectors were used i n  t h e  f l o t a t i o n  process .  The most popular were 

A v a r i e t y  o f  

e i ther  a crude s h a l e  o i l  with a b o i l i n g  p o i n t  between 200 and 3OO0C,  o r  a 

pine o i l .  

F l o t a t i o n  was performed i n  s l i g h t l y  basic pH. Pulp d e n s i t i e s  between 

1 5 3 5 %  s o l i d s  were used. Concentrate  grade increased  as t h e  pulp d e n s i t y  

Sodium s i l ica te  was used t o  depress  s i l i ca  f l o t a t i o n .  

decreased. 
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5.1.2.2 S e l e c t i v e  Shear Aggregation 

S e l e c t i v e  shear  aggrega t ion  is performed by s u b j e c t i n g  a water s l u r r y  

o f  f i n e l y  ground o i l  s h a l e  t o  a low rate o f  shear. The low shear rate 

f o r c e s  hydrophobic kerogen p a r t i c l e s  t oge the r  wi th  s u f f i c i e n t  energy t o  

squeeze the  water o u t  from between the  p a r t i c l e s  caus ing  aggrega t ion .  

The water we t t ing  minera l  p a r t i c l e s  r e q u i r e  a higher c o l l i s i o n  force  t o  

aggregate s i n c e  water has  an a f f i n i t y  f o r  t h e  p a r t i c l e s .  

aggregated, t h e  kerogen p a r t i c l e s  can be c o l l e c t e d  by v a r i o u s  means. 

Once 

Hanna and Rampacek (Ref. 31) sugges t  t h a t  t h i s  technique ,  a l s o  called 

s e l e c t i v e  f l o c c u l a t i o n ,  can be used f o r  o i l  s h a l e  sepa ra t ions .  No d a t a ,  

however, were provided. 

Ring (Ref. 40) described a similar process  where the s e l e c t i v e  shear 

aggrega t ion  was performed i n  a high s p e c i f i c  g r a v i t y  s a l t  s o l u t i o n  

i n s t e a d  o f  water. As t h e  kerogen aggrega tes  formed i n  t h e  shear f i e l d ,  

they f l o a t e d  t o  t h e  top  o f  the vesse l .  Due t o  t h e  2-50 mm s i z e  o f  t h e  

aggregates, t h e i r  t e rmina l  v e l o c i t y  was larger than the t e rmina l  v e l o c i t y  

of  i n d i v i d u a l  kerogen p a r t i c l e s .  

ground t o  90% under 5 u m  suspended i n  a 1.4 s p e c i f i c  g r a v i t y  s a l t  

Experiments wi th  a Western o i l  s h a l e  

s o l u t i o n  showed an enrichment r a t i o  of three. 

5.1.2.3 Direct P e l l e t i z a t i o n  

Direct p e l l e t i z a t i o n  c o n s i s t s  of b a l l  m i l l  g r i n d i n g  o i l  shale i n  a 

mixture of water and o i l .  The r e s u l t s  o f  t h i s  p rocess  are p a s t e - l i k e  

organic  p e l l e t s  which con ta in  kerogen, as well as a water s l u r r y  o f  t he  

minerals .  
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Quass  (Ref. 41) ground a South Afr ican t o r b a n i t e  with water i n  a 

p o r c e l a i n  b a l l  m i l l .  O i l  (unapecif ' ied)  was added i n  s u f f i c i e n t  q u a n t i t y  

t o  form a p a s t e  w i t h  the  kerogen and g r ind ing  was cont inued.  

matter became suspended i n  t h e  aqueous phase and was discarded. 

Mineral  

I n  t h i s  

process  the  ash  con ten t  of  t he  o i l  s h a l e  was reduced from 40% t o  10%. 

Down and Himus (Ref. 42) used a similar technique t o  s tudy  the  chemical 

composition o f  kerogen. 

Himus and Basak (Ref. 43) g r x m d  a New Brunswick o i l  s h a l e  i n  a heavy 

gas o i l .  Water was added and g r inc ing  cont inued f o r  16 hours.  

con ten t  of  t h e  o i l  shale was I - ed~ced  from 58 t o  34%. 

Reisberg (Ref. 11) added 400-8ClO m l  of water, 10 l b s  o f  g r i n d i n g  

The ash 

media, 10-200 gm of  -100 mesh o i l  shale and 50-100 m l  of heptane t o  a 5.5 

gal ba l l  m i l l  f o r  1 hr .  After 1 hr  the  aqueous s l u r r y  was removed and 

rep laced  w i t h  fresh water. A small sample o f  t h e  organic  phase was taken 
' 

and t h e  m i l l i n g  ope ra t ion  repeated as many times as  necessary.  Too 

l i t t l e  heptane made the organic  phase d i f f i c u l t  t o  s epa ra t e .  Too much 

heptane formed voluminous amounts cif o rganic  phase which en t r a ined  

gangue. The optimum cond i t ions  gave pel le ts  -1 cm i n  diameter. The 

r e s u l t i n g  grade af ter  each cyc le  f o r  a 15% kerogen o i l  shale is t abu la t ed  

be low. 

Cycle 

1 

2 

3 

4 

Grade ( %  kerogen) 

64 

69 

75 

81 

The grade improves most d r a s t i c a l l y  f o r  t h e  first c y c l e ,  less f o r  
I 

subsequent cycles. 
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Smith and Higby (Ref. 44) treated a Western oil shale w i t h  5% acetic 

acid t o  remove the  carbonate  minera ls  p r i o r  t o  g r ind ing  i n  a water oc tane  

mixture.  The aqueous minera l  s l u r r y  was removed and replaced repeatedly 

w i t h  fresh water u n t i l  no f u r t h e r  mineral  matter was observed. I n  t h i s  

process  t h e  minera l  con ten t  o f  the  o i l  shale was reduced from 75 t o  16%. 

5.1.3 S o l u b i l i t y  Sepa ra t ions  

The two c o n s t i t u e n t s  o f  o i l  shale are s o l u b i l i z e d  by d i f f e r e n t  

reagents .  The minera ls  are t y p i c a l l y  so lub le  i n  acid s o l u t i o n s  while  t h e  

kerogen is s o l u b l e  t o  small vary ing  degrees i n  organic  so lven t s .  From 

these phys ica l  p r o p e r t i e s ,  two types  o f  s e p a r a t i o n  are poss ib l e :  

( 1 )  s o l u t i o n  o f  kerogen and ( 2 )  s o l u t i o n  o f  minerals .  

5.1.3.1 So lu t ion  o f  Minerals  

Down (Ref. 45) describes an a n a l y t i c a l  technique t o  o b t a i n  nea r ly  

pure kerogen samples from o i l  shales. I n  t h i s  work f i v e  o i l  shales were 

treated w i t h  a three-step acid leach which included:  

1) 5N H C 1  a t  its b o i l i n g  p o i n t  f o r  2 h r s  

2, HNo3 (specific g r a v i t y  1.12) a t  25°C f o r  100 h r s  

3) 5N H C 1  + HF a t  25°C f o r  1 h r .  

The r e s u l t s  o f  t h i s  t rea tment  gave ash r e j e c t i o n s  greater than 92% f o r  

a l l  f i v e  o i l  shale samples. The de ta i l s  o f  a similar a n a l y t i c a l  

technique are described by Guthr ie  (Ref. 46).  
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5.1.3.2 So lu t ion  o f  Kerogen 
rri 

Guthr ie  (Ref. 46) digested two Western o i l  shales f o r  24 hours  i n  the  

fol lowing s o l v e n t s  a t  t h e i r  b o i l i n g  po in t s :  e thano l ,  methanol, e t h y l  

e ther ,  chloroform, carbon c i i s u l f i  de ,  carbon t e t r a c h l o r i d e ,  benzol ,  

gaso l ine ,  t u r p e n t i n e ,  and pyr id ine .  A l l  o f  t h e  s o l v e n t s  were n e a r l y  

i n e r t  except  py r id ine  which disscjlvsd 30% of t h e  kerogen. 

similar experiments  are summarized ~y Baughman (Ref. 47) and Williamson 

(Ref. 10) .  No s o l v e n t  l i s t ed  i n  these r e fe rences  d isso lved  more than 30% 

of the  kerogen i n  any o i l  shale a t  sub-decomposition temperatures .  

Resu l t s  o f  

5.1.4 E l e c t r o s t a t i c  Separat:Lons 

Ground o i l  shale is spread on a grounded metal r o t o r .  I n  one area of 

t h e  r o t o r  t he  o i l  shale is sub jec t ed  t o  a corona d ischarge .  

charges a l l  o f  t h e  p a r t i c l e s .  R e l a t i v e l y  non-conducting kerogen 

par t ic les  discharge slowly and s t i c k  t o  the r o t o r .  

on t h e  r o t o r  an A.C.  corona discharges the  kerogen p a r t i c l e s  and they  

f a l l  i n t o  a hopper. Mineral  p a r t i c l e s ,  which are better conductors ,  

discharge quick ly  and fo l low a free f a l l  t r a j e c t o r y  i n t o  a s e p a r a t e  

hopper. 

The corona 

A t  another  l o c a t i o n  

Ring (Ref. 48) eva lua ted  a Karpco e l e c t r o s t a t i c  s e p a r a t o r  for t h e  

Various s i z e  f r a c t i o n s  of Western o i l  s h a l e  sepa ra t ion  o f  o i l  s h a l e .  

were separa ted  g i v i n g  nonse lec t ive  sepa ra t ions .  When t h e  dust p a r t i c l e s  

were removed from the  ground shale enrichment r a t i o s  of -1.4 were 

observed. 
I 
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5.1.5 Magnetic Sepa ra t ions  

Ground shale flows down a chute  through a magnetic f i e l d .  Particles 

wi th  s u f f i c i e n t l y  high magnetic s u s c e p t i b i l i t i e s  move i n t o  t h e  magnetic 

f i e l d  and are concent ra ted .  Pre l iminary  experiments a t  M . I . T . ' s  Magnet 

Laboratory by Kelland (Ref. 49) us ing  a +355-606 

shale gave an enrichment r a t i o  o f  -1.3. 

f r a c t i o n  Western o i l  

5.1.6 O p t i c a l  Sepa ra t ions  

A s i n g l e  l a y e r  of crushed shale is dropped i n  f r o n t  of an array of  

p h o t o e l e c t r i c  d e t e c t o r s .  When a kerogen-rich par t ic le  is llseen" by a 

detector a jet is  engaged and t h e  par t ic le  is directed i n t o  a separate 

concen t r a t e  hopperate.  

Occidenta l  Research Corporat ion has  pa ten ted  the "Oxylorel' p rocess  

(Ref. 53) based on o p t i c a l  s o r t i n g  o f  shale par t ic les  labelled wi th  a 

sur face-ac t ive  f l u o r e s c e n t  dye. The u n i t  has a 20-inch wide rock c u r t a i n  

and an a r r a y  of 40 u l t r a v i o l e t  l i g h t  sources ,  p h o t o e l e c t r i c  d e t e c t o r s ,  

and water jets. Each je t  may be a c t i v a t e d  as many as 50 t imedsecond .  

I n  tests with a -2 t 1 inch  14 gpt o i l  shale, a recovery o f  58% of  the 

kerogen was obta ined  i n  a 21 gpt  concent ra te .  Th i s  process  has been 

s u c c e s s f u l l y  p i l o t e d  a t  rates up t o  150 tons /h r  f o r  l imestone s o r t i n g .  

5.1.7 S t i c k i n e s s  Sepa ra t ions  

Brison and Tangle (Ref. 50) describe a sepa ra t ion  procedure where 

d i f f e r e n t  materials absorb d i f f e r e n t  amounts o f  heat from a r a d i a n t  
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energy source.  Impingement on a hea t - sens i t i ve  s u r f a c e  r e s u l t s  i n  only 
'I 

the  hot  p a r t i c l e s  s t i c k i n g  t o  the  sur face .  T h i s  process  has  no t  y e t  been 

eva lua ted  f o r  o i l  shale s e p a r a t i m s .  The most l i k e l y  reason is t h a t  t he  

l i b e r a t i o n  s i z e  f o r  o i l  shale is tclo small. 

5.1 8 F r i a b i l i t y  Separations 

It is well known t h a t  a small degree of o i l  shale b e n e f i c i a t i o n  can 

be obta ined  by s e l e c t i v e  s i z i n g .  When o i l  shale is ground, t h e  

smal l - s ize  f r a c t i o n s  are l eane r  than the l a rge - s i ze  f r a c t i o n s .  Th i s  

behavior  is due t o  the  p r e f e r e n t i a l  c rush ing  o f  t h e  more f r iab le  l e a n  

material. 

be obta ined  wi th  proper  design of c rush ing  and sc reen ing  c i r c u i t s .  

The Bureau o f  Mine:, sugges ts  t h a t  a 1 t o  4 g p t  enrichment can 

Fishback and Petticrew ( R e f .  51) describe a conceptua l ly  similar 

sepa ra t ion  process  i n  a patent; ass igned  t o  t h e  Super ior  O i l  Company. 

T h i s  p rocess  s u b j e c t s  o i l  shale t o  an agitated aqueous medium where a 

p o r t i o n  o f  t h e  c l a y  mineral  is d i s i n t e g r a t e d  and f lushed  away. I n  t h i s  

process  a 30.6 g p t  o i l  s h a l e  ground t o  -3 inch was concent ra ted  t o  38 g p t  

w i t h  a recovery of 92.7% of  the kerogen. 

5.1.9 Bioleach Sepa ra t ions  

Bioleaching o f  o i l  shale has been i n v e s t i g a t e d  by Meyer and Yen 

(Ref. 57 ) .  

t o  produce s u l f u r i c  acid which d isso lved  up t o  98% o f  t h e  dolomite and 

calci te  i n  the shale. 

o i l  shale is  leached f o r  14 days.  S ince  the  bacteria ox5dize s u l f u r ,  t he  

p o s s i b i l i t y  e x i s t s  f o r  kerogen d e s u l f u r i z a t i o n .  

The bacter ium "Thiobac i l lus  spp" was used t o  ox id i ze  s u l f u r  

Overall. weight l o s s e s  up t o  40% aye achieved when 
I 
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5.1.10 Other Types o f  Separa t ion  

TRW Energy Systems is developing a p r o p r i e t a r y  o i l  s h a l e  s e p a r a t i o n  

process  (Ref. 1). The process  is descr ibed as one t h a t  is o f  t h e  

chemical /physical  type  which uses  a s i n g l e  l i q u i d  t o  liberate the  kerogen 

from a 10 mesh feed. The process  is not  so lven t  e x t r a c t i o n ,  acid 

l each ing ,  o r  f r o t h  f l o t a t i o n .  

semi-solid o f  nea r ly  pure kerogen. 

labora tory-sca le  ope ra t ions  is t o  be i n i t i a t e d .  

The r e s u l t i n g  product  is described as a 

The first scale-up from 

5.2 Comparison o f  t h e  Methods o f  Separa t ion  

The l i t e r a t u r e  reviewed i n  the  previous  s e c t i o n  p r e s e n t s  a very 

complex p i c t u r e  o f  o i l  s h a l e  sepa ra t ions .  

t h i s .  

experiments.  Generz l ly ,  these grades are u s u a l l y  from two 

categories--Eastern o i l  s h a l e  a t  -10 g p t  and Western o i l  shale a t  

There are two reasons  for  

F i r s t ,  each worker u ses  a d i f f e r e n t  grade o f  o i l  shale i n  h i s  

-35 g p t .  

t e rminologies  are used t o  describe t h e  sepa ra t ion :  ( 1 )  recovery and 

The o t h e r  reason f o r  t h e  complex p i c t u r e  is t h a t  three 

grade, (2)  enrichment r a t i o ,  and (3)  ash r e j e c t i o n .  

Part o f  t he  problem can be e l imina ted  i f  a common terminology is used 

t o  describe t h e  s e p a r a t i o n  process .  However, t h i s  does no t  a l low 

comparisons between d i f f e r e n t  grades o f  o i l  shale fed t o  the  v a r i o u s  

s e p a r a t i o n  processes .  When "separa t ion  e f f i c i e n c y "  is used t o  describe 

the  sepa ra t ion  process  a c o n s i s t e n t  comparison can be made f o r  a l l  grades 

of o i l  shale feed. 
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5.2.1 Sepa ra t ion  E f  f i c  i e n a  

The sepa ra t ion  e f f i c i e n c y  ( r l ; ~  i s  def ined as (Ref. 52) 

= R1 - R 2  

where R1 and R 2  are the  percentages  o f  kerogen and minera ls  recovered 

i n  t h e  bene f i c i a t ed  product ,  r e spec t ive ly .  A conversion o f  t h e  

enrichment r a t i o s  used i n  t h e  l i t . e r l a tu re  review and sepa ra t ion  e f f i c i e n c y  

is t abu la t ed  below: 

Separa t ion  Ef f i c i ency  ( X I *  

Enrichment r a t i o  - 35 10 gp t  

4 34 70 

3 74 61 

2 53 43 

*Assumes 90 % recovery of kerogen. 

High enrichment r a t i o s  correspond t 3  high sepa ra t ion  e f f i c i e n c i e s  f o r  the  

35 g p t  feed. For a p a r t i c u l a r  enrizhment,  a lower s e p a r a t i o n  e f f i c i e n c y  

is required for t h e  10 gp t  feed. 

5.2.2 Separa t ion  Ef f i c i ency  Comparison 

The s e p a r a t i o n  e f f i c i e n c i e s  o f  t h e  s e p a r a t i o n s  descr ibed  i n  t h e  

l i t e r a t u r e  review have been c a l c u l a t e d  where p o s s i b l e .  The h i g h e s t  and 

lowest va lues  r epor t ed  are l i s t e d  i n  Table 5-1. From t h i s  t a b l e  it can 

be seen t h a t  two classes o f  s e p a r a t i o n  e x i s t :  ( 1 )  h igh  enrichment 

s e p a r a t i o n  wi th  TI > 66% and (2!) :Low enrichment s e p a r a t i o n  wi th  

n < 50%. I n  t h e  h igh  enrichment category are: f r o t h  f l c k a t i o n ,  
v 

s e l e c t i v e  shear aggrega t ion ,  clirect p e l l e t i z a t i o n ,  and a c i d  s o l u b i l i t y .  
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Table 5-1 

O i l  Shale Separa t ion  Comparison 

Separa t ion  
Ef f i c i ency  References 

Low High - 
Density Sepa ra t ions  

Gravi ty  Settling 5 29 3,26 
Centr i fuge 0 IO 26 
Hydrocyclone 13 33 4 

W e t t a b i l i t y  Sepa ra t ions  
Fro th  F l o t a t i o n  44 80 8,31 
S e l e c t i v e  Shear Aggregation -- 66 40 
Direct P e l l e t i z a t i o n  69 96 11,44 

S o l u b i l i t y  Sepa ra t ions  
Mineral  S o l u b i l i t y  96 99 45,46 
Kerogen S o l u b i l i t y  0 28 46 

E l e c t r o s t a t i c  Separa t ion  0 29 48 

Magnetic Separa t ion  e- 25 49 

Op t ica  1 Separa t ion  0 21 53 

F r i a b i l i t y  Separa t ion  5 20 51 

Bioleach Separa t ion  20 44 57 
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I n  the low enrichment ca tegory  are all. o f  the  o t h e r  s epa ra t ion  methods. 
w 

The s t i c k i n e s s  s e p a r a t i o n  and t h e  TRW process  are no t  l i s t ed  s i n c e  

s u f f i c i e n t  data are no t  a v a i l a b l e .  

A t  t h i s  j unc tu re  it is u s e f u l  t.o po in t  o u t  t h a t  three o f  the  fou r  

high enrichment s e p a r a t i o n  processes  are based on w e t t a b i l i t y  

d i f f e r e n c e s .  This  sugges t s  t h a t  surface f o r c e s  are most e f f e c t i v e  i n  

s e l e c t i v e l y  recover ing  kerogen. Body f o r c e  s e p a r a t i o n s  l i k e  d e n s i t y ,  

magnetic,  and e l e c t r o s t a t i c  s e p a r a t i o n s  are not  as e f f e c t i v e  as s u r f a c e  

f o r c e s  i n  t h e  recovery o f  kerogen. 

5.2.3 Concentrate  P e l l e t i z a t i o n  

Depending on t h e  method of sepa ra t ion ,  ei ther a dry  o r  wet kerogen 

concen t r a t e  may need t o  be aggregated t o  a larger p a r t i c l e  s ize  f o r  

r e t o r t i n g  or o t h e r  means o f  o i l  recovery.  If the  kerogen concen t r a t e  is 

wet, dewatering w i l l  be requi red  before  p e l l e t i z a t i o n .  Dewatering w i l l  

probably be performed by f i l t r a t i o n  ( o r  c e n t r i f u g a t i o n )  followed by 

drying.  Similar process ing  is performed on ceramic c l a y s ,  which are of a 

similar p a r t i c l e  size. P e l l e t i z a t i o n  of the  d r i e d  kerogen concen t r a t e  

could probably be performed w i t h  a pan nodu l i ze r  t y p i c a l  of those  used  t o  

p e l l e t i z e  i r o n  o r e  or alumina. 

5.2.4 T a i l i n g s  Disposa l  

The b e n e f i c i a t i o n  o f  o i l  shale produces a huge volume of f i n e l y  

d iv ided  minera l  gangue r equ i r ing  d..sposal. 

gangue volume w i l l  be a t  least  1.3 times volume mined. ':he methods of 

Due t o  its void f r a c t i o n ,  t h e  
I 
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t a i l i n g s  d i s p o s a l  will d i f f e r  depending on the  type  o f  s e p a r a t i o n  used. 

T f  t h e  s e p a r a t i o n  wg~ performed d r y ,  cementation riI11 be  requi red  t o  

prevent  tailings dump d u s t  storms. Re to r t  spent  shale can probably be 

used t o  he lp  cement s i n c e  it is o f t e n  cement i t ious  and is another  waste 

stream of  t h e  process .  For very high enrichment s e p a r a t i o n s ,  s u f f i c i e n t  

r e t o r t  spen t  shale may no t  be produced and a d d i t i o n a l  cement w i l l  be 

requi red .  

If the sepa ra t ion  was performed wet, dewater ing w i l l  be requi red .  

Dewatering a s l u r r y  o f  f i n e l y  d iv ided  minera l  p a r t i c l e s  o f  similar 

p a r t i c l e  s i z e  is p r e s e n t l y  performed by the phosphate i n d u s t r y  i n  

F lo r ida .  I n  t h i s  i n d u s t r y ,  dewatering is performed by a th i ckene r  

followed by a s e t t l i n g  pond. T h i s  process  is plagued wi th  low dewater ing 

rates. I n  some cases, more than  10 y e a r s  are requ i r ed  t o  remove enough 

water f o r  a g r i c u l t u r a l  use o f  t h e  t a i l i n g s .  The volume o f  t a i l i n g s  ponds 

requi red  f o r  t he  oil shale i n d u s t r y  could be approximately 4 . 3  times t h e  

mined volume. The volume o f  water t i e d  up i n  the ponds could be 3 times 

t h e  mined volume. 

pond.) 

(Th i s  a n a l y s i s  assumes 30% s o l i d s  by volume i n  t he  

As a r e s u l t  o f  t h i s  excess ive  water loss ,  an a l t e r n a t e  process  

sequence c o n s i s t i n g  o f  f i l t e r i n g  ( o r  c e n t r i f u g a t i o n )  would probably be 

requi red  f o r  the  minera l  gangue. Similar process ing  is performed on 

ceramic c l ays .  Such process ing  could poss ib ly  decrease  the  water volume 

l o s s e s  t o  approximately 50% o f  the  mined volume, a l b e i t  a t  an  increased  

c o s t .  

5.3 Technical  F e a s i b i l i t y  o f  High Enrichment Sepa ra t ions  

'u 

The t e c h n i c a l  f e a s i b i l i t y  f o r  the  high enrichment s e p a r a t i o n s  w i l l  be 

considered next  # in  t h e  con tex t  of  a large-scale product ion f a c i l i t y .  
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5.3.1 Technical  F e a s i b i l i t y  of  Fro th  F l o t a t i o n  

F ro th  f l o t a t i o n  is used on a large scale f o r  t h e  b e n e f i c i a t i o n  of' 

copper ore .  

b e n e f i c i a t i o n  is t h a t  the l i b e r a t i o n  s ize  f o r  copper is much larger 

(-100 urn>. Therefore ,  more gr ind ing  w i l l  be r equ i r ed  f o r  o i l  shale 

b e n e f i c i a t i o n .  Research on the  f r o t h  f l o t a t i o n  of o i l  shale has  

suggested h igh  s e p a r a t i o n  eff ic ienc: .es  under cond i t ions  similar t o  copper 

o r e  f l o t a t i o n .  For t h i s  reason aca:te-up problems are no t  expected t o  be 

A major d i f f e r e n c e  between copper o re  and o i l  s h a l e  

d i f f e r e n t  from those  encountered wi th  copper.  One disadvantage o f  t h i s  

p rocess  is t h a t  both the  concen t r a t e  and the  t a i l i n g s  w i l l  con ta in  

water. The water attached t o  t h e  concent ra te  w i l l  r e q u i r e  a h e a t  load t o  

evapora te  it. The t a i l i n g s  s l u r r y  w i l l  have t o  be concent ra ted  before  

d i s p o s a l .  Water l o s t  with t a i l i n g s  d i s p o s a l  may be s i g n i f i c a n t .  

5.3.2 Technical  F e a s i b i l i t y  o f  S e l e c t i v e  Shear Aggregation 

Shear aggrega t ion  has been demonstrated only a t  the  lab scale. There 

are many u n c e r t a i n t i e s  o f  sca?..e-up i n  t h i s  r e l a t i v e l y  s imple process .  

This process  s u f f e r s  the same ills as  f r o t h  f l o t a t i h ,  producing a wet 

concen t r a t e  and a t a i l i n g s  s l u r r y .  Again, water l o s s e s  may be 

s i g n i f i c a n t .  

5.3.3 Technical  F e a s i b i l i t y  o f  Direct P e l l e t i z a t i o n  

Direct p e l l e t i z a t i o n  has  been demonstrated only a t  t h e  l a b  scale. 
'.I 

There are many u n c e r t a i n t i e s  o f  scale-up i n  t h i s  process .  Fu r the r  

u n c e r t a i n t i e s  e x i s t  w i t h  respect t c  heptane l o s s e s  and water l o s s e s .  
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5.3.4 Technical  F e a s i b i l i t y  of Acid So lu t ion  

Acid s o l u t i o n  is an a n a l y t i c a l  technique t o  o b t a i n  pure kerogen fo r  

a n a l y s i s .  The technique r e q u i r e s  huge volumes o f  d i f f e r e n t  acid 

s o l u t i o n s  f o r  small amounts o f  o i l  shale. A s  such, t h i s  process  is not  

l i k e l y  t o  have any commercial importance. 

5.3.5 Technical  F e a s i b i l i t y  Conclusions 

I n  summary, the  t e c h n i c a l  f e a s i b i l i t y  o f  f r o t h  f l o t a t i o n  as a 

large-scale, high-enrichment s e p a r a t i o n  process f o r  o i l  shale has  a high 

p r o b a b i l i t y  o f  success .  The o t h e r  high-enrichment w e t t a b i l i t y  

s e p a r a t i o n s  ( i . e . ,  s e l e c t i v e  shear aggrega t ion  and d i rec t  p e l l e t i z a t i o n )  

are much more unce r t a in .  It is improbable tha t  acid s o l u b i l i t y  w i l l  be 

used on a commercial scale f o r  t h e  s e p a r a t i o n  o f  kerogen from o i l  shale. 

Lack of information about  t h e  TRW process  and s t i c k i n e s s  s e p a r a t i o n  make 

the  de te rmina t ion  OP t h e i r  t e c h n i c a l  f e a s i b i l i t y  impossible .  Fu r the r  

l abora to ry  research i n  these areas is warranted. 

5.4 Process  Design o f  S e l e c t i v e  Shear Aggregation 

The s i m p l i f i e d  f lowsheet  o f  S e l e c t i v e  Shear Aggregation (SSA) 

inc lud ing  g r ind ing  is shown i n  F igure  5-1. Only major equipment u n i t s  

are i n d i c a t e d  while surge  b i n s ,  hold tanks ,  pumps, s h o r t  conveyors,  and 

o t h e r  minor u n i t s  are omit ted.  T h i s  arrangement is similar t o  t h a t  i n  

F igures  3-2 and 3-4. The material balance is repor ted  i n  F igure  5-2 and 

process  data are l i s t e d  i n  Table 5-2. 
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Table 5-2 

S e l e c t i v e  Shear Aggregation Process  Data 

Recovery 
Feed par t ic le  s i z e ,  80% less than 

Grinding stages 
Shale s l u r r y  pulp d e n s i t y  
Concentrate  s l u r r y  pulp dens i ty  
Calcium c h l o r i d e  concen t r a t ion  
Calcium c h l o r i d e  loss 
Mixer r e s idence  time 

S e t t l i n g  ra te  
F i l t r a t i o n  rate 
Wash water displacement 
Moisture conten t :  Concentrate 

T a i l i n g s  
Electric power 

Make-up water 
S t eam 

No. o f  o p e r a t o r s  
Ball m i l l s  No. of t r a i n s  per stage 

No. o f  m i l l s  per t r a i n  
No. o f  motors per m A 1  

M i l l  s i z e  
Motor s ize  

Mixers : Number 
S i z e  

Sett lers:  Number 
S i z e  

F i l t e r s  : S i z e  
Number for  concen t r a t e  

Number f o r  t a i l i n g s  

Evaporators:  S i z e  
No. o f  e f fec ts  
No. o f  t r a i n s  

85 % 

20 microns 

3 
25 w t .  X 
4 0 w t .  Z 

45 w t .  % 

1 %  

10 min 
0.5 gal/sq f t /min  
25 gal/sq f t / h r  

3 f o l d  
6 w t .  % 

25 w t .  7; 
240 MW 
12 k ga!./min 
1670 lb s /h r  

55 
4 

3 
2 

24' d i a  x 36' 
4.4 Mw 

14 
17' diam x 15' 
14 
108' x 40' x 3'6" 
3000 sq f t  

9+2 s p a r e  

4+1 spare 
50,000 sq f t  

4 
4 



5-26 

The shale is mixed wi th  a recyc led  concent ra ted  calcium c h l o r i d e  

s o l u t i o n ,  ground to  &nus 20 microns i n  a three-stage system o f  b a l l  

mills, and fed t o  a set o f  mixers.  

agglomerate a kerogen-rich concen t r a t e  t h a t  is separated as overflow from 

the ta i l ings i n  settlers. 

medium enhancing sepa ra t ion .  Both concen t r a t e  and t a i l i n g s  are f i l t e r ed  

and washed. The calcium c h l o r i d e  concen t r a t ion  i n  t h e  combined f i l t r a t e  

is increased  i n  a mul t ip l e -e f f ec t  evapora tor  wi th  forced  c i r c u l a t i o n  and 

vapor recompression. 

symbol f o r  t he  e n t i r e  un i t . )  

d i s p o s a l  s i t e  while  t h e  concen t r a t e  is conveyed t o  py ro lys i s .  

The shear f o r c e s  o f  slow s t i r r i n g  

The dense calcium c h l o r i d e  acts as a heavy 

(Only one effect is shown i n  the  f lowsheet  as a 

The t a i l i n g s  are t r anspor t ed  t o  the  waste 

Major problem areas are t h e  conf i rmat ion  o f  a g i t a t i o n  speed and 

res idence  time i n  the  mixers,  as well a s  the  de termina t ion  o f  s e t t l i n g  

and f i l t r a t i o n  rates. 

f l o t a t i o n  cel ls  but  pays a pr ice  i n  t h a t  the  energy- in tens ive  evapora t ion  

s t e p  is needed t o  maintain t h e  calcium c h l o r i d e  concen t r a t ion .  It should 

The process  avo ids  the complex system o f  f r o t h  

a l s o  be noted t h a t  the  t o t a l  amount of shale has t o  be sub jec t ed  t o  t h e  

t h i r d  stage g r ind ing  while only the  rougher and middling ce l l  f r o t h  are 

reground i n  t h e  f l o t a t i o n  a l t e r n a t i v e .  

5.5 Process  Design o f  Direct P e l l e t i z a t i o n  

A flowsheet of Direct P e l l e t i z a t i o n  (DP)  i nc lud ing  g r i n d i n g  and waste 

d i s p o s a l  i n  a t a i l i n g s  pond is shown i n  Figure 5-3. The material balance 

inc lud ing  heptane recovery is repor ted  i n  F igure  5-4 and p rocess  data are 

l i s t e d  i n  Table 5-3. 
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Table 5-3 

Recovery 

Feed particle s i z e ,  80% less than 

Grinding stages 

Shale s l u r r y  pulp d e n s i t y  

Heptane conten t  i n  concentra5e 

Moisture conten t :  Concentrate 

Ta i 1 ing  s 

Heptane loss  

Water loss (exc luding  t a i l l i ngs  pond) 

Thickener s e t t l i n g  rate 

Electric power 

Make-up water 

No. o f  ope ra to r s  

Ball m i l l s  No. of  t r a i n s  per stage 

No. of m i l l s  per t r a i n  

Motors: Grinding: No. per m i l l  

S i z e  

Motors: P e l l e t i z i n g :  No. per  m i l l  

Size 

Screens:  Number 

Size 

Thickeners:  Number 

Diameter 

Direct P e l l e t i z a t i o n  Process  Data 

88% 

100 mesh 

1 

18 w t .  % 

60 w t .  7< 

less than  1 %  

25 w t .  Z 

1.5% 

3% 

3 l b s / ( h r ) ( s q  f t )  

106 MW 

4 k gal/min 

35 

4 

3 

2 

4.4 Mw 

1 

2.9 MW 

12 

10' x 16' 

4 

700 
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The shale is mixed wi th  recycle water, ground t o  minus 100 mesh i n  a 

one-stage system of convent iona l  b a l l  m i l l s ,  and fed toge the r  wi th  

recyc led  heptane t o  a set of p e l l e t i z i n g  b a l l  mills. 

wi th  kerogen, t h u s  enhancing t h e  e x t r a c t i o n  o f  a concen t r a t e  from t h e  

shale and its agglomeration t o  pel le ts  t h a t  s u b s t a n t i a l l y  exceed the 

par t ic le  s i z e  o f  the  ground shale. The tailings s l u r r y  is separated i n  

cyclones,  thickened, and pumped t o  a waste d i s p o s a l  pond. A s l u r r y  o f  

undersized particles is separated by means of a sc reen  and recycled t o  

the pel le t iz ing m i l l .  The f u l l - s i z e  pel le ts  are conveyed t o  Pyro lys i s .  

Heptane combines 

Major problem areas are t a i l i n g s  handl ing,  heptane recovery,  heptane 

contaminat ion of aqueous process  streams, and conf i rmat ion  o f  r e s idence  

time and power requirements  f o r  t h e  p e l l e t i z a t i o n  ope ra t ion .  Thickeners  

and a t a i l i n g s  pond are proposed because s l u r r y  handl ing  is the least 

expensive system f o r  100 mesh par t ic les .  The small volume p y r o l y s i s  

r e s idue  would be a l s o  dumped i n t o  the  pond. The th i ckene r  s e t t l i n g  rates 

were selected based on minera ls  i ndus t ry  exper ience  and have t o  be 

confirmed. The t a i l i n g s  pond d i f f e r s  from t h e  Base Case s o l i d  spen t  

shale d i s p o s a l  and the  c o s t  d i f f e r e n c e  is d i f f i c u l t  t o  assess sirice it is 

very  s i te-dependent .  

The f lowsheet  assumes t h a t  heptane would become a p a r t  o f  the  

concen t r a t e  pe l le t s  and any traces i n  the  aqueous streams would n o t  

v i o l a t e  environmental  r u l e s  i n  t h e  g r ind ing ,  t h i cken ing ,  o r  t a i l i n g s  pond 

areas. Heptane would be easily removed from the r e c y c l e  water if 

necessary.  However, the  clean-up o f  the  t a i l i n g s  s l u r r y  would be 

extremely expensive because it would r e q u i r e  such techniques  as steam 

s t r i p p i n g  or so lven t  e x t r a c t i o n  o f  large s l u r r y  volumes. Lacking des ign  

1 

W 

data on the  pel le t iz ing b a l l  m i l l s ,  it was assumed t h a t  they  are the  same 

s i z e  as t h e  g r ind ing  equipment but  r e q u i r e  only one-third the power. 
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5.6 Economics of A l t e r n a t i v e  Separa t ion  Processes  

C a p i t a l  c o s t s  o f  S e l e c t i v e  Shear Aggregation (SSA) and Direct 

P e l l e t i z a t i o n  (DP) were estimated u s i n g  t h e  f a c t o r  method described i n  

Sec t ion  3 .7 .1  based on ASPEN equipment c o s t  compilat ion (Ref. 54) and 

Appendix A .  A 40% process  contingency was used f o r  SSA and DP compared 

t o  30% f o r  f r o t h  f l o t a t i o n  ( i n  t i e  Base Case) because o f  t h e  a d d i t i o n a l  

u n c e r t a i n t i e s .  

Annual c o s t s  were a l s o  c a l c u l a t e d  f o r  each a l t e r n a t i v e  us ing  t h e  

methods descr ibed  i n  Sec t ion  3.7.4.  That is, annual  ope ra t ing  c o s t s  were 

added t o  a 25% annual  c a p i t a l  charge t o  estimate t o t a l  annual  c o s t s .  

The r e s u l t s  (de ta i l s  are :3hown i n  Tables 5-4 and 5-5) show tha t  

compared t o  f r o t h  f l o t a t i o n ,  SSA has  s i g n i f i c a n t l y  h igher  c a p i t a l  and 

annual  c o s t s .  But DP has 24% lower annual  c o s t  because o f  both lower 

(17%) c a p i t a l  c o s t  and lower C41:%) power consumption. Thus, of t h e  

b e n e f i c i a t i o n  op t ions  cons idered ,  d i rect  p e l l e t i z a t i o n  is s p e c u l a t i v e  b u t  

t h e  most i n t e r e s t i n g  looking technology. 



5-32 

Table 5-4 

Capital Coet of  A l t e r n a t i v e  Sepa ra t ion  Processes  

Mi l l i ons  of mid-1 98 1 do l l a r i s  

I tern - 
Mining Sec t ion  

Bene f i c i a t ion  S e c t i o n  
Grinding 
Sepa ra t ion  
Concentrate  dewatering 
Tailings dewatering 
Drying and p e l l e t i z i n g  o r  

evapora t ion  

F1 o t a  t i on 
(Base 
Case) 

320 

160 . 

35 
10 
22 

26 
I n d i r e c t s  a t  35% direct  cost 
Working' c a p i t a l ,  s t a r t u p ,  e t c . ,  

a t  10% direct  p l u s  i n d i r e c t  

89 

Sub t o  ta  1 

Contingency : 
P r o j e c t  ( 15 W) 
Process  (40 %) * 

Bene f i c i a t i o n  
T o t a l  (Rounded) 

Mining p l u s  Bene f i c i a t ion  T o t a l  

- 35 

377 

57 
- 113 

550 - 

870 

S e l e c t i v e  
Shear 

Aggregation 

34 0 

24 0 
23 

4 
9 

50 
114 

44 

484 

- 

73 
- 193 

- 750 

1090 

Direc t  
P e l l e t i z a t i o n  

80 
75 

6 
13 

39 
- 103 

400 - 

720 

"30% for Base Case. 
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Table 5-5 

Annual Cost of A l t e r n a t i v e  Separa t ion  Processes  

Mi l l i ons  of mid-1981 d o l l a r s  p e r  year  

Unit F1 o t a  t i on 
Cost o r  (Base 

Case ) Percent  - 
Mine ope ra t ing  c o s t  24 

Bene f i c i a t ion  

Operat ing Cost 

Fue 1 $3/MBtu 5.9 

Power 5 cents/kWh 70.8 

Water 40 c e n t s /  k gal 1.3 

S t earn $4/k l b  - 
14.8 Grinding Balls 

Chemica Is -- 3.7 

Oper. Labor ( O L )  $13/hr 2.1 

-- 

Superv is ion  and 
Se rv ices  40% OL 0.8 

Overhead 40% OL+ML 7.4 

Maint. labor (ML) 3% capi ta l  16.5 

Op. and m i n t .  
11.0 s u p p l i e s  2 %  capi ta l  - 

SUBTOTAL ( Rounded) - 134 

T o t a l s  for Mining and 

Bene f i c i a t ion  S e c t i o n s  

Annual Operat ing Costs  158 

218 Annual C a p i t a l  Charge a t  25% 

Grand T o t a l  Annual Costs (Roun3ec 380 

I 

-- 

S e l e c t i v e  
Shear Direct 

Aggregation P e l l e t i z a t i o n  

25 24 

- 
94.5 

2.3 

52.6 

17.2 

32.8 

1.5 

0.6 

9.6 

22.5 

15.0 - 
- 249 

274 

- 
41.7 

0.8 

- 
11.4 

9.2 

0.9 

0.4 

5.2 

12.0 

8 .0  - 
90 - 

114 

180 

290 

- 
55 0 





6. RECOVERY ALTERNATIVES --- 

‘I 

T h i s  s e c t i o n  examines some p o s s i i b i l i t i e s  o t h e r  than  convent iona l  

s u r f a c e  r e t o r t i n g  f o r  recover ing  o i l  and a s soc ia t ed  gas from the  product 

of  the  s e p a r a t i o n  s t e p ,  kerogen concent ra te .  

6.1 Rat iona le  f o r  Examining A l t e r n a t i v e  -- Methods 

P y r o l y s i s ,  i . e .  hea t ing  t o  t h e  temperature o f  decomposition i n  a 

r e t o r t  ( a  s u r f a c e  v e s s e l  or underground chamber), has been t h e  almost  

un ive r sa l  means o f  conver t ing  t h e  kerogen i n  o i l  s h a l e  t o  s h a l e  o i l .  

Py ro lys i s  times, tempera tures ,  geometr ies ,  heat t r a n s f e r  arrangements,  

spent  shale t r ea tmen t ,  and o t h e r  d e t a i l s  have va r i ed  widely bu t  t h e  basic 

o i l  recovery mechanism has remained t h e  thermal decomposition o f  kerogen 

i n  a more o r  less i n e r t  atmosphere. 

A comparat ively small e f f o r t  has  been devoted t o  i n v e s t i g a t i n g  o t h e r  

recovery methods, no tab ly  so lven t  e x t r a c t i o n  and r e t o r t i n g  i n  t h e  

presence o f  hydrogen. 

p y r o l y s i s  have shown p o t e n t i a l  only under unusual  c i rcumstances and have 

not  progressed t o  any large-scale development or demonstrat ion programs 

t h a t  we know o f ,  much less commercialization. 

But these a l t e r n a t i v e s  t o  straightforward 

However, the  a v a i l a b i l i t y  of a concen t r a t e  r i c h  i n  kerogen rather 

than a n a t u r a l  o r e  l e a n  i n  kerogen sugges t s  t h a t  the a l t e r n a t i v e s  t o  

p y r o l y s i s  be reexamined. 

t o  o i l  may resemble the  method t h a t  is optimum f o r  a petroleum residuum 

The optimum method f o r  conve r t ing  a concen t r a t e  

o r  a high q u a l i t y  c o a l  r a t h e r  than f o r  a lean  s h a l e  ore .  

t h e  kerogen concen t r a t e  t h a t  results from four-fold enrichment of  Colony 

For example, 
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ore  con ta ins  about 80% organic  matter ( 140 gpt)--r*oughly equ iva len t  t o  

the  percentage I n  dry subbituminous coa l .  

I n  cons ider ing  a l t e r n a t i v e s  t o  r e t o r t i n g ,  the  o b j e c t i v e  is t o  f i n d  an  

a l t e r n a t i v e  t h a t :  

o Gives t h e  same r e s u l t s  bu t  is cheaper 

o Gives y i e l d s  s u p e r i o r  t o  r e t o r t i n g  without  o f f s e t t i n g  c o s t s  

o Gives product  q u a l i t y  supe r io r  t o  r e t o r t i n g  without  o f f s e t t i n g  

c o s t s  

o O r ,  ha s  son?e o t h e r  desirable characteristic (e.g. more benign 

environmental ly ,  lower l abor  requirements)  without  o f f s e t t i n g  

c o s t s .  

Some g e n e r a l  comments on these  p o s s i b l e  advantages are a p p r o p r i a t e  before  

looking a t  t h e  s p e c i f i c  cases examined i n  the  fol lowing s e c t i o n s .  We 

emphasize tha t  the  advantages are no t  l i k e l y  t o  be r e a l i z e d  u n l e s s  the  

a l t e r n a t i v e  ( t o  r e t o r t i n g )  process  is able t o  e x p l o i t  t he  d i f f e r e n t  

na tu re  o f  t h e  c o n c e r t r a t e  compared t o  n a t u r a l  o re ;  o therwise ,  the  

a l t e r n a t i v e  would be u s e f u l  on n a t u r a l  o re  too .  

An e x t r a c t i o n  process  w i t h  compet i t ive  y i e l d s  seems t o  r e q u i r e  ei ther 

ex t r ao rd ina ry  solvency by the s o l v e n t ,  o r  l l ex t rac t ion l l  a t  i n c i p i e n t  

p y r o l y s i s  condi t ion . ;  where t h e  d i s t i n c t i o n  is unclear  between what is 

d i r e c t l y  d i s so lved  Ln so lven t  and what is d isso lved  only af ter  thermal 

decomposition. I n  the  lat ter case, t h e  l lsolvent l l  s e r v e s  p r imar i ly  as a 

hea t  t r a n s f e r  medium for py ro lys i s .  I n  t h e  former case, ex t r ao rd ina ry  

solvency may be achievable  by us ing  convent iona l  s o l v e n t s  a t  

s u p e r c r i t i c a l  t empera tures ,  i . e .  a t  temperatures  above the  c r i t i ca l  

temperature  where t h e  so lven t  cannot be l i q u e f i e d  regardless o f  the 

p res su re .  It seemed conceivable  t h a t  s u p e r c r i t i c a l  e x t r a c t i o n  might 
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proceed by e i ther  o r  both o f  the mechanisms described above t o  recover  

O i l  compet i t ive ly  wi th  r e t o r t i n g  i l '  t he  feedstock contained less i n e r t  

material--as the  kerogen concentrai;e, i n  fact ,  does. Thus, s u p e r c r i t i c a l  

e x t r a c t i o n  was evalua ted .  

.I 

R e t o r t i n g  i n  the  presence of' hydrogen has  been demonstrated t o  

recover  shale o i l  from ore wi th  both y i e l d s  and q u a l i t y  equa l  t o  o r  

supe r io r  t o  those  from conventiona:l r e t o r t i n g .  The real  i s s u e  here is 

whether t h e  l i k e l y  i n c r e a s e s  i n  y i e l d  and/or q u a l i t y  are s u f f i c i e n t  t o  

o f f s e t  t h e  obvious added c o s t s  o f  gene ra t ing  hydrogen and r e t o r t i n g  under 

p re s su re .  The a v a i l a b i l i t y  o f  the  kerogen concen t r a t e  also makes i t  

p o s s i b l e  t o  cons ider  hydrogen-reto4,ing processes  s u i t a b l e  f o r  coal and 

res idua  t h a t  would be u n s u i t a b l e  f w  n a t u r a l  shale ores .  

The i n c r e a s e  i n  y i e l d  p o t e n t i a l l y  a v a i l a b l e  from non-re tor t ing  

processes  is l i m i t e d .  Developers 2 f  cu r r en t  convent iona l  r e t o r t s  claim 

high y i e l d s  now from Western s h a l e s  r e l a t i v e  t o  F i sche r  Assay, e.g. 95% 

f o r  Paraho d i rec t ,  100% f o r  Union B, 105% f o r  Lurgi  (Ref. 5) .  Other 

l abora to ry  data suggest  t h a t  time and temperature  opt imiza t ion  may be  

able t o  i n c r e a s e  those  r e t o r t i n g  y i e l d s  t o  about  11046, e.g. Ref. 58. How 

much more can be recovered i n  p r i n c i p l e ?  

Stanfield (Ref. 59) r e p o r t s  t h a t  about  75-885 (depending on o r e  

r i c h n e s s )  o f  t h e  hea t ing  va lue  o f  the  kerogen o f  Western shales is 

contained by t h e  o i l  from a F i sche r  Assay. Therefore ,  i f  t h e  a l t e r n a t i v e  

recovery process  produced only " o i l "  from kerogen, no gas and no char, 

its hea t ing  va lue  would be equ iva len t  t o  111 t o  133% of F i sche r  

Assay--compared t o  the 110% which may be achievable  from optimized 

r e t o r t i n g .  Thus, t h e  maximum t h e o r e t i c a l  increase i n  yield I s  modest. 

.I 
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Adding hydrogen can r e s u l t  i n  increased  y i e l d  and energy ou tpu t ,  bu t  

a t  t h e  c o s t  o f  energy i n p u t  t o  produce and react the hydrogen. The 

energy and economic ba lances  must be c a l c u l a t e d  f o r  s p e c i f i c  cases, 

e s p e c i a l l y  f o r  Eas te rn  hydrogen-poor shales where large g r o s s  y i e l d  

i n c r e a s e s  have been repor ted .  

P o t e n t i a l  changes i n  product q u a l i t y  are l i k e l y  t o  be modest 

improvements f o r  hydrogen r e t o r t i n g  and s i g n i f i c a n t  d e b i t s  f o r  

e x t r a c t i o n .  If an extract has  an atomic u l t i m a t e  a n a l y s i s  similar t o  

kerogen, t h a t  extract would have less hydrogen, more n i t r o g e n ,  more 

s u l f u r ,  and more oxygen than raw s h a l e  o i l  from r e t o r t i n g ;  a l l  those  

d i f f e r e n c e s  are unfavorable .  

Hydrogen r e t o r t i n g  produces o i l s  which, compared t o  convent iona l  

r e t o r t i n g ,  may be l i g h t e r  but  which have n e g l i g i b l y  d i f f e r e n t  n i t r o g e n  

con ten t s .  Nitrogen con ten t  c o n t r o l s  t h e  c o s t  of upgrading r equ i r ed  t o  

u l t i m a t e l y  produce x a r k e t a b l e  t r a n s p o r t a t i o n  f u e l s .  

6.2 Reto r t ing  i n  t h e  Presence o f  Hydrogen Under P res su re  

A hydrogenation process  s p e c i f i c  f o r  o i l  s h a l e  was developed by t h e  

I n s t i t u t e  o f  Gas Technology ( I G T )  under the  name Hytort  (Ref. 60) .  Other 

s t u d i e s  o f  hydrogen r e t o r t i n g  of  o i l  shale have been r epor t ed  by Texaco 

(Ref. 61) and Esso (Ref. 62 ) .  But t h e  Hytort  p rocess  has  been developed 

far thest  and is used as t h e  model here even though it is in tended  

p r imar i ly  for  Eas te rn  shales (where hydrogen r e t o r t i n g  s i g n i f i c a n t l y  

i n c r e a s e s  y i e l d )  and f o r  n a t u r a l  o re  ( s i n c e  i t  is a v e r t i c a l  shaf t  

process  depending on phys ica l  i n t e g r i t y  o f  o re  f ragments) .  

1c 
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The flowsheet o f  the Hytort  process  ad jus t ed  t o  t h e  t rea tment  of o i l  
I 

shale concen t r a t e  is shown i n  F igure  6-1. Process  data are l i s t ed  i n  

Table 6-1. The concen t r a t e  is fed 50 a mult i -s tage counter -cur ren t  

moving bed reactor t o  be contac ted  with r ecyc le  gas and hydrogen. 

Po r t ions  o f  t he  r e c y c l e  arc: i n j e c t e d  i n t o  t h e  feed system, bottom o f  the 

r e a c t o r  and, a f t e r  being mixed with make-up hydrogen and prehea ted ,  t o  

the lower p a r t  o f  t h e  r e a c t o r .  The s o l i d  res idue  is  withdrawn from t h e  

bottom and disposed o f  i n  t h e  same way as i n  t h e  Base Cas? wi th  

bene f i c i a t i o n  . 
The overhead r e a c t o r  vapors are first quenched wi th  oil and then 

scrubbed w i t h  water. The quench a n i  scrubber  towers r ecyc le  t he  cool ing  

l i q u i d  v i a  water coo le r s .  The o i l -water  emulsion t h a t  se t t les  i n  t h e  

lower p a r t  of the  quench separlator is dewatered i n  another  c l ean ing  

s t e p .  The o i l  phases  from t h e  quenoh s e p a r a t o r ,  sc rubber  s e p a r a t o r ,  and 

dewatering equipment are combined and pumped t o  Upgrading. The water 

from these  t h r e e  s e p a r a t i o n  s t e p s  i s  s e n t  t o  t h e  f o u l  water t rea tment  

p l a n t  t h a t  is o u t s i d e  o f  t h e  o i l  recovery system. The s ludge  from t h e  

quench and scrubber  s e p a r a t o r s  is added t o  the  o t h e r  s o l i d  wastes. 

The overhead gas from t h e  scrubber  is div ided  i n t o  t h r e e  streams. 

One po r t ion  is d i r e c t l y  recyc led  t o  t h e  r e a c t o r  whi le  t h e  second is first 

mixed wi th  make-up hydrogen and preheated. The t h i r d  gas stream is 

cleaned o u t s i d e  the o i l  recovery system and combined wi th  o t h e r  o i l  

p rocess ing  o f fgases .  A p a r t  of these is used to  make hydrogen i n  a 

s tandard  reforming p l a n t  shown i n  F igure  6-2. It inc ludes  a furnace ,  

s h i f t  r e a c t o r s ,  and a hydrogen c l ean ing  System. 

The Hytort  process  has  been developed through t h e  p i l o t  p l a n t  stage - 
as a more e f f i c i e n t  shale o i l  extra.ctj.on process .  However, it has  t h e  
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TaDle 6-1 

Direct Hydrogenation Process Data 

Reactor : Temperature , O F  

Pressure,  psig 
No. of  process modules 
Avg. flowrate,  k t p d  

Material  balance, k :.bs/hr 
Concentrate 
Preheated gas t o  reactor  
Cool gas t o  reac tor  
Residue 
Reactor vapors 
Scrubber overhead gazi 
Raw o i l  
Make-up hydrogen 
Hydrogen plant feed gas 

1290 
425 

65 
114 

IC30 
540 

2580 
40 

5510 
3e 10 

7 90 
80 

240 

No. of Operator? 56 

U t i l i t i e s  
Fuel, MBtu/hr 
Power, kW 
Water, k gal/min 
Generated steam, k lt*s/hr 

1120 
45 

k86 
2.8 
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disadvantage o f  h e a t i n g  the  r e a c t o r  with d i l u t e d  hydrogen which r e q u i r e s  

the  c i r c u l a t i o n  o f  large amounts o f  gas a t  e l eva ted  p res su res .  

a d d i t i o n a l  drawback o f  the Hytort  a p p l i c a t i o n  t o  s h a l e  concen t r a t e  is 

I An 

f i n e  p a r t i c l e  entrainment .  

Even if t h e  feed is p e l l e t i z e d ,  f i n e s  would undoubtedly be generated 

by a t t r i t i o n  and r e q u i r e  an e f f i c i e n t  so l id-gas  s e p a r a t i o n  system t o  

prevent  c logging  o f  the  feed equipment, damage t o  compressors,  d e p o s i t s  

on hea t  exchange s u r f a c e s ,  and o the r  problems. The process  could a l s o  be 

made more ene rgy-e f f i c i en t  by inc luding ,  ahead o f  the  quench, a waste 

heat b o i l e r  (WHB) preceded by an e l e c t r o s t a t i c  p r e c i p i t a t o r  t o  p r o t e c t  

the  WHB coo l ing  su r faces .  

IGT claims t h a t  Hytort  produces a higher grade o i l  than o t h e r  

r e t o r t i n g  systems, b u t ,  as d iscussed  i n  Sec t ion  6 .1 ,  the  va lue  o f  t h e  

improvement is small. I n  a d d i t i o n ,  there is a p r i c e  t o  be pa id  f o r  the  

front-end hydrogenation as w i l l  be  shown below i n  Sec t ion  6.6. 

whether it is better t o  hydrogenate i n  t h e  r e t o r t  o r  dur ing  upgrading 

would r e q u i r e  a thorough a n a l y s i s  of  t he  e n t i r e  p l a n t  which is beyond t h e  

scope o f  t h i s  s tudy .  

To dec ide  

6 . 3  Recovery i n  t h e  Presence of a Hydrogen Donor Solvent  

T h i s  s e c t i o n  cons ide r s  t h e  hydrogenation o f  kerogen concen t r a t e  u s ing  

a hydrogen donor s o l v e n t ,  o r  technology analogous to  the  Exxon Donor 

Solvent  (EDS) process  f o r  l i q u e f a c t i o n  of coa l .  Our a n a l y s i s  was based 

on a r e p o r t  on the p i l o t  p l a n t  developed by Exxon (Ref. 6 3 ) .  

f lowsheets  are shown i n  F igures  6-3 and 6-4, and the  process  data l i s t e d  

The 

'I i n  Table 6-2. 
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Table 6-2 

Donor Solvent  Hydrogenation Process  Data 

Reactor :  Temperature, OF 
Pres su re ,  p s i g  

No. o f  process  modules 
Avg. f lowra te ,  k tpd  

Material ba lance ,  k l b d h r  
Concentrate  
S l u r r y  
Hydrogen t o  r e a c t o r  
Residue 
F r a c t i o n a t o r  feed 
Scrubber overhead gas 
Hydrogen plant feed gas 
Make-up hydrogen 
Solvent  t o  hydrogenation 
Quench gas 
Recycle gas 

840 
2000 

79 
102 

1030 
4130 

170 
40 

4100 
200 
90 
30 

3080 
180 
200 

No. of Operators  66 

Util i t ies  
Fuel ,  MBtu/hr 
Power kW 
Water, k gal/min 
Steam, k l b s / h r  

1090 
25 

67 
0.85 
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The concen t r a t e  is s l u r r i e d  w i t k  hydrogenated so lven t ,  preheated i n  

heat exchangers and a furnace,  and f'ed t o  a co-current  e x t r a c t i o n  

r e a c t o r .  Addi t iona l  preheated hydrogen r ecyc le  gas is added t o  t h e  

s l u r r y  a t  t h e  furnace  i n l e t .  Gases are separa ted  from t h e  r e a c t i o n  

mixture i n  a staged system o f  heat exchangers,  d i rec t  water i n j e c t i o n ,  

and three sepa ra to r s .  The o i l  f r a c t i o n s  from a l l  three stages w i t h  

en t r a ined  r e s idue  are fed  t o  an atmcspheric  f r a c t i o n a t o r  with a s i d e  

stream steam s t r i p p e r .  

Offgases, naphtha,  and water are  separa ted  i n  the  atmospheric  

overhead condensate tank and s e n t  t c  t h e  Upgrading s e c t i o n .  From t h e  

cooled atmospheric  f r a c t i o n a t i o n  bottoms, t h e  r e s idue  is separa ted  by 

f i l t r a t i o n  and conveyed t o  t h e  s o l i d  waste d i s p o s a l .  The f i l t ra te  is f e d  

t o  a vacuum f r a c t i o n a t o r  t h a t  y i e l d s  so lven t ,  recyc led  t o  t h e  

Hydrogenation s e c t i o n ,  and bottoms passed t o  Upgrading. 

The gas from the  t h i r d  r e a c t i o n  mixture sepa ra t ion  stage, called cold  

s e p a r a t o r ,  is p u r i f i e d  i n  a scrubber.  It is then mixed wlth make-up 

hydrogen from a reformer p l a n t ,  and a hydrogen-rich purge gas from 

Hydrogenation. The r e s u l t i n g  hydrogen r ecyc le  gas is pumped t o  t h e  

p rehea t ing  furnace .  Foul water from t h e  co ld  s e p a r a t o r  is t r e a t e d  

o u t s i d e  o f  t h e  Ex t rac t ion  s e c t i o n .  

The so lven t  from t h e  f r a c t i o n a t o r  is preheated i n  a h e a t  exchanger 

and furnace and fed t o  t h e  hydrogenation r e a c t o r .  Prehea5ed hydrogen 

from a reforming p l a n t  (see Figure  6-2) is  added a t  t h e  furnace  i n l e t .  

Reactor temperature  is c o n t r o l l e d  by i n j e c t i n g  recyc led  co ld  quench gas. 

Gases are separa ted  from t h e  r e a c t i o n  mixture i n  a s taged  system o f  heat 

exchangers,  d i r e c t  water i n j e c t i o n ,  and a ho t  and cold separator. The 

l i q u i d  f r a c t i o n s  from both s t a g e s  are fed t o  a steam s t r i 3 p e r .  I 
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Offgases, naphtna,  and water are separa ted  i n  an overhead condensate 

tank and sent t o  t he  Upgrading s e c t i o n .  

t he  bottom is re turned  to  Ext rac t ion .  The gas from t h e  co ld  s e p a r a t o r  is 

p u r i f i e d  i n  a scrubber ,  and recyc led  as  quench gas t o  t he  r e a c t o r  a f t e r  a 

The hydr*ogenated s o l v e n t  from 

por t ion  is purged t o  Ext rac t ion .  

o u t s i d e  the  Ex t rac t ion  s e c t i o n .  

The co ld  s e p a r a t o r  water is treated 

The major advantage o f  the EDS system is replacement o f  t h e  gas-so l id  

system with a l iqu id - so l id  a l t e r n a t i v e  which f ac i l i t a t e s  mass and heat 

t r a n s f e r  i n  the  r e a c t o r .  Another p o s i t i v e  f e a t u r e  of  t h e  o r i g i n a l  EDS 

process  is the  complete l i q u e f a c t i o n  o f  c o a l  t h a t  avoids  most o f  t h e  

cumbersome downstream s o l i d - f u e l  handling. The disadvantage of the 

o r i g i n a l  EDS is t h e  h igh  p res su re  requi red  t o  l i que fy  c o a l  t oge the r  w i t h  

the  complexity caused by e f f i c i e n t  heat exchange and the e x t r a  s t e p  o f  

so lven t  hydrogenation. It is ques t ionab le  whether t h e  process ing  o f  

kerogen concent ra te  by EDS can t a k e  f u l l  advantage o f  the p o s i t i v e  EDS 

f e a t u r e s .  

EDS cond i t ions  are probably more severe  (and more expensive)  than 

necessary t o  convert  kerogen, and incomplete conversion o r  another  l i q u i d  

phase may cause so3 .d - l iqu id  sepa ra t ion  problems after conversion.  On 

t h e  o the r  hand, t he  EDS s l u r r y  r e a c t o r  avoids  t h e  problems of feeding  

rock fragments i n t o  a h igh  p res su re  r e a c t o r  and o f  e n t r a i n i n g  f i n e s  i n  a 

gas stream. P e l l e t i z a t i o n  o f  t h e  ED$ feed is probably not  necessary  and 

is  not  assumed i n  t h i s  s tudy.  

The des ign  o f  the downstream l i q u i d - s o l i d  s e p a r a t i o n  system, and t h e  

assessment o f  whether it is p r e f e r a b l e  t o  the  front-end gas-so l id  

handl ing  would r e q u i r e  experimental  data. A f i l t r a t i o n  s t e p  fo l lowing  
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t h e  atmospheric f r a c t i o n a t o r  was included i n  t h i s  s tudy only t o  a l low an 

approximate c o s t  estimate. 
- 

EDS w i l l  probably y i e l d  a highe-  grade o i l  than t h e  Base Case. The 

comments on t h i s  p o i n t  i n  Sec t ion  6 . 1  apply a l s o  t o  EDS. 

6.4 Recovery by S u p e r c r i t i c a l  ExtriLction 

S u p e r c r i t i c a l  Ex t r ac t ion  (SCE) o f  var ious  s o l i d s  u t i l i z e s  t h e  

order-of-magnitude i n c r e a s e  i n  d i . s so lu t ion  power of  some l i g h t  organic  

l i q u i d s  which are compressed and hedted above t h e  c r i t i c a l  temperature .  

The p o t e n t i a l  a p p l i c a t i o n  t o  o i l  shii le concent ra te  is based on the  SCE 

process  f o r  c o a l  developed by t h e  B@*i t i sh  Coal Board and C a t a l y t i c ,  Inc .  

(Ref. 64). The f lowsheet  is shown in Figure 6-5 and process  data are 

l i s t ed  i n  Table 6-3. 

Concentrate is fed t o  the  r e a c t o r  a t  e l eva ted  p res su re  v i a  a system 

of a l t e r n a t i n g  lock hoppers p re s su r i zed  by a po r t ion  of tine preheated 

to luene  while  the  bulk o f  t he  solverit  flows counter -cur ren t ly  through t h e  

r e a c t o r .  (Toluene is the  solvent. uJed by t h e  B r i t i s h  Coal Board. Some 

o t h e r  so lven t  may be optimum f o r  kerogen without  s i g n i f i c a n t  effect  on 

t h e  f lowsheet  or economics.) The r e s idue  is sepa ra t ed  a t  the  r e a c t o r  

bottom, s t r i p p e d  w i t h  steam i n  o u t l e t  lock hoppers,  and conveyed t o  t h e  

waste d i s p o s a l  area. 

released i n  two stages. 

The r e a c t i o n  mixture is  cooled and i ts  p res su re  

F i r s t ,  o f fgases  are sepa ra t ed  i n  a degasser and s e n t  t o  the Upgrading 

sec t ion .  

s t i l l ,  condensed t o  remove :3ome o f  the water, and passed t o  the to luene  

drying column. 

Second, a p o r t i o n  o f  t h e  to luene  is evaporated i n  a f l a s h  

I Sludge and another  'portion of water accumulate a t  the  
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T a b l e  6-3 

S u p e r c r i t i c a l  Ex t r ac t ion  Process  Data 

Reactor  : Temperature , “F 
Pressu re ,  ps1.g 

No. of process  modules 
Avg. flowrate, k tpd 

Material ba lance ,  k lb:r/hr 
Concentrate  
Toluene t o  r e a c t o r  
Residue 
Vacuum st i l l  feed 
R a w  oil 
Make-up to luene  

No. of Opera tors  

Ut i l i t ies  
Fuel ,  MBtu/hr 
Power, kW 
Water, k gal/min 
Steam, k lbs/hr 

600 
580 

46 
95 

1o:’o 
8t.O 
110 

1740 
990 
;0 

410 
67 

10 
1.08 
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bottom o f  t h e  flask- st i l l  and are p e r i o d i c a l l y  withdrawn. The s ludge is  

combined wi th  t h e  o t h e r  s o l i d  waste while  t h e  foii l  water is treated 

o u t s i d e  t h e  Ex t rac t ion  s e c t i o n .  The organic  phage from t h e  flash st i l l  

is separa ted  i n t o  o i l  and wet to luene  i n  a vacuum st i l l .  The o i l  is 

f u r t h e r  processed i n  Upgrading while t h e  combined to luene  streams are 

dewatered i n  t h e  dry ing  s t i l l  and pumped back t 3  the  r e a c t o r .  

SCE is a f l e x i b l e  method used i n  t h e  process ing  o f  va r ious  materials 

ranging from soybeans t o  f o s s i l  f u e l s .  A i r  Products  and Chemicals, t h e  

pa ren t  corpora t ion  of C a t a l y t i c ,  Inc . ,  conducted i ts  bench scale c o a l  

e x t r a c t i o n  experiments and is c u r r e n t l y  working on t h e  a p p l i c a t i o n  o f  SCE 

t o  tar sands but  no t e c h n i c a l  information is available t o  the public. 

While batch r e a c t o r s  were considered f o r  c o a l  e x t r a c t i o n ,  t h e  tar 

sand process  design is repor t ed ly  based on cont inuous u n i t s  which permit  

a s u b s t a n t i a l  decrease i n  t h e  number of r e a c t o r s .  

i n  t h e  10,000 tpd  c o a l  p r o j e c t  (Ref. 64).  Our s tudy assumes only one 

r e a c t o r .  Another change i n  t h e  tar sand process  is t h e  replacement o f  

lock hoppers with a s l u r r y  pumping and p rehea t ing  system appa ren t ly  

similar t o  t h a t  of t he  EDS process  (F igure  6-3). 

There were eight  u n i t s  

SCE appears  t o  be an e l e g a n t  technology. It combines t h e  s i m p l i c i t y  

of r e t o r t i n g  w i t h  t h e  advantages o f  s l u r r y  feeding  over  gas-so l id  

handl ing without  u s ing  t h e  h igh  p res su re  of  t h e  EDS system. 

even i f  the  r e a c t o r  is  designed as a counter-current  s lu r ry - fed  bed of 

concen t r a t e  p e l l e t s ,  a t t r i t i o n  and entrainment  might s t i l l  cause a 

s o l i d - l i q u i d  s e p a r a t i o n  problem downstream as d iscussed  i n  conjunct ion  

w i t h  t h e  EDS process  i n  Sec t ion  6.3. 

However, 

W 
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6.5 F lash  P y r o l y s i s  
I 

Flash  p y r o l y s i s  depends on thermal decomposition i n  an e s s e n t i a l l y  

i n e r t  atmosphere as conventional.  r e t o r t i n g  does. 

flows are so d i f f e r e n t ,  and the  a p p l i z a t i o n  t o  comminuted s h a l e  is so 

obvious,  t h a t  we examined flash pyr*olysis a long  wi th  t he  other recovery 

a l t e r n a t i v e s .  

But t h e  geometr ies  and 

F la sh  p y r o l y s i s  o f  coal was proposed (Ref. 65) based cn bench scale 

experiments.  The process  adapted t.o kerogen concen t r a t e  2s represented  

by t h e  f lowsheet  i n  F igure  6-6 and process  data are l i s t e d  i n  Table 6-4. 

Concentrate is fed t o  a mixing chamber on top  o f  t h e  r e a c t o r  v i a  a 

pneumatic t r a n s p o r t  system that uses  r-ecycle gas. The feed is brought 

i n s t an taneous ly  t o  r e a c t i o n  t,emperatu?-e through in t ima te  c o n t a c t  w i t h  h o t  

char, and the  mixture subsequent ly  flows through the  main body o f  a 

co-current  entrained-bed r e a c t o r .  Char and r e s idue  are sepa ra t ed  i n  h o t  

cyclones and recyc led  t o  an en t ra ined-bed  heater where the so l ids  are 

heated by burning a d d i t i o n a l  make-up char i n  a i r .  

r e s idue  i n  t h e  char c i r c u i t  is  c o n t r o l l e d  by purging a stream of spen t  

char  t o  t h e  s o l i d  waste d i sposa l .  The bulk o f  p rehea te r  3 u e  gases is 

sepa ra t ed  i n  cyc lones  before  the  char is fed t o  t h e  r e a c t o r  mixing 

chamber. 

The bu-*-ld-up o f  

The vapors from t h e  r e a c t o r  o u t l e t  cyclones are first quenched w i t h  

o i l  and then scrubbed with water. 

r e c y c l e  the  coo l ing  l i q u i d  v i a  water coo le r s .  

separated i n  tanks  at t h e  bottom of t h e  quench and scrubbing  towers. 

Both o i l  streams are fed t o  an atmospheric  f r a c t i o n a t o r ,  the bottoms of - which are passed t o  a vacuum f r a c t i o n a t o r  whi le  t h e  overh3ad condensate 

The quench and scrubbigg towers 

O i l  and water are 
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Tab.Le 6-4 

F lash  Pyro lys i s  Process  Data 

Reactor : Temperature I F 
Pressure ,  ps ig  

No. of  process  modules 
Avg. f lowra t s ,  k tpd 

Material balance,  k l tm/hr  
Concentrate  
Recycle gas  
Char t o  r e a c t o r  
Residue 
Reactor  products  
Atmospheric frac tionad,or feed 

No. o f  Operators  

Utilities 
Char, MBtu/hr 
Power , kW 
Water, k gal lmin 
Steam k ,  l b s l h r  

1200 
30 
68 

200 

1 , o:23 
10,OGO 
10,oco 

L: 0 
21 , 030 

770 

500 
1 :o 

1.12 
1 .o 
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s e p a r a t e s  i n t o  o f f g a s  and naphtha. The products  o f  the  vacuum 

f r a c t i o n a t i o n ,  o i l  and bottoms, are f u r t h e r  processed i n  t h e  Upgrading 

s e c t i o n .  

Foul water separa ted  i n  t h e  quench and scrut>bing s t e p s  is treated 

o u t s i d e  t h e  Pyro lys i s  s ec t ion .  

s e p a r a t o r s  is p e r i o d i c a l l y  withdrawn and combined w i t h  t h e  o t h e r  s o l i d  

waste. Gas from the  scrubber  is p u r i f i e d  i n  an absorber  and recyc led  t o  

the  concen t r a t e  pneumatic feed system. 

Sludge accumulated i n  t h e  r e s p e c t i v e  

The major advantage o f  t h e  F lash  Pyro lys i s  process  is that it can 

presumably handle  f i n e  p a r t i c l e s  and t h a t  h e a t  is suppl ied  t o  the  r e a c t o r  

by a s o l i d  medium. Both the  feed and t h e  heat t r a n s f e r  medium are 

t r anspor t ed  pneumatical ly  rather than mechanically.  

t h e  large c i r c u l a t i o n  volume requ i r ed  by t h e  en t r a ined  bed system. 

of t h e  a l t e r n a t i v e s  compared here, process  data on F la sh  P y r o l y s i s  are 

most specu la t ive .  

The disadvantage is 

Also, 

Problem areas of F la sh  Pyro lys i s  are similar t o  those  of t h e  Hytort  

The major i s s u e  is aga in  p a r t i c l e  car ryover  t o  t h e  downstream Process .  

p a r t s  o f  t he  process .  Another issue is the  p rov i s ion  o f  heat by t h e  

combustion o f  carbon on t h e  spen t  sha le .  

6.6 Process  Desig;i and Economics 

There are t o o  few publ ished data on i n d i v i d u a l  equipment u n i t s  f o r  

t he  Hytor t ,  Exxon Donor Solvent  (EDS), S u p e r c r i t i c a l  Ex t r ac t ion  (SCE), 

and Flash  Pyro lys i s  processes  t o  a l low a r igo rous  process  des ign  of 

i n d i v i d u a l  equipment and the  use  o f  t h e  f ac to red  e s t ima t ion  method 

d iscussed  i n  Sec t ion  3.7. However, there are publ ished c o s t  d a t a  
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prepared by va r ious  o rgan iza t ions  a t  va r ious  times on a l l  t h e  processes  

except  F lash  Pyro lys is .  
U 

An a n a l y s i s  o f  the Hytort  data and comparison wi th  c o s t  o f  similar 

processes  i n d i c a t e d  t h a t  t h e  c a p i t a l  estimate was t oo  o p t i m i s t i c .  

Accordingly,  i t  was increased  assuming an underest imate  o f  t h e  same 

magnitude as i n  t h e  1977 Colony f i g u r e s .  The EDS and SCE estimates 

appeared t o  be reasonable .  However, the  SCE estimate is based on t e n  

semibatch r e a c t o r s  while  a f u l l y  cclntinuous process  would need only one 

r e a c t o r .  The direct  adjustment  from t e n  t o  one r e a c t o r  is no t  p o s s i b l e  

because r e a c t o r  c o s t s  are not, separqated from the  o t h e r  items i n  t h e  SCE 

pub l i ca t ion .  

The process  and c o s t  engineer ing  work on t h e  adjustment  o f  t h e  fou r  

processes  t o  shale concen t r a t e  was done i n  t h e  fo l lowing  way. 

o Flowsheets f o r  t h e  e x t r a c t i o n  p l a n t  (exc luding  upgrading) were 

prepared.  

through 6.5. 

They are shown and d iscussed  above i n  S e c t i o n s  6.2 

o Approximate material ba lances  were computed. As discussed  i n  

Sec t ion  6.1 above, one o f  t h e  purposes of  inves tSga t ing  

a l t e r n a t i v e  recovery methods was t o  i d e n t i f y  a process  wi th  a 

p o t e n t i a l l y  h ighe r  y i e l d .  There is no clear experimental  

evidence about  increased  y i e l d  from any o f  t h e  f o u r  selected 

a l t e r n a t i v e s .  Therefore ,  an o p t i m i s t i c  y i e l d  equal  t o  120% of 

F i sche r  Assay (compared t o  90% f o r  the  Base Case) was assumed 

f o r  each a l t e r n a t i v e .  The f lowra te s  of  t h e  major streams i n  

Tables 6-1 through 6-4 are based on the material balance t h a t  

assumes t h a t  120% yield. 
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o The publ ished Hytor t ,  EDS, and SCE capi ta l  c o s t s  were a d j u s t e d  

to  recovery from shale concen t r a t e  as  def ined  i n  the  

f lowsheets .  P l a n t  s e c t i o n s  beyond recovery,  such as  Upgrading, 

were excluded. 

e.g., EDS recovery ve r sus  hydrogen p l a n t .  I n d i r e c t  and 

non-depreciable items were reestimated i n  a uniform way. 

Comparing t h e  Base Case t o  ad jus t ed  c o s t s  based on poor ly  

documented estimates o f  three d i f f e r e n t  processes  prepared by 

three d i f f e r e n t  o rgan iza t ions  might be unpersuasive.  

a d d i t i o n ,  no c o s t  data were a v a i l a b l e  on F la sh  P y r o l y s i s  and on 

single-reactor SCE. To provide a check, t h e  cap i ta l  costs of 

a l l  four  processes  inc lud ing  b e n e f i c i a t i o n  were independent ly  

estimated us ing  the  modular method d iscussed  above i n  

Sec t ion  3.7. Those independent estimates were c o n s i s t e n t  wi th  

Direct costs were scaled up or  down by s e c t i o n s ,  

o 

I n  

t h e  ad jus t ed  publ ished estimates wi th in  the  accuracy o f  e i ther .  

o The material balance and l i t e r a t u r e  provided s u f f i c i e n t  data on 

approximate requirements  f o r  process  materials and u t i l i t i e s .  

The numbers of o p e r a t o r s  were estimated based an the  

f lowsheets .  The o the r  annual  c o s t  items are p r o p o r t i o n a l  t o  

ope ra t ing  l abor  or capital  c o s t s .  

Economics of the  f o u r  a l t e r n a t i v e  recovery p rocesses  are compared 

w i t h  the two Base Cases i n  Table 6-5. 

ope ra t ing  c o s t s  o f  t he  preceding steps i n  the  system (mining and 

b e n e f i c i a t i o n )  are lower by 25% because of  the o p t i m i s t i c  assumption t h a t  

y i e l d  w i l l  be 33% higher than from Tosco I1 r e t o r t i n g .  Even so, only the  

system incorpora t ing  s u p e r c r i t i c a l  e x t r a c t i o n  has lower t o t a l  cap i ta l  or 

For each a l t e r n a t i v e ,  cap i ta l  and 



e 

6-825 

T a b l e  6-5 

Comparison of A l t e r n a t i v e  -- Shale  O i l  Recovery Processes  

Ore 
Process ing  Concentrate  Process ing  

Donor Super- 
R e t o r t  Retor t  Direct Solvent  c r i t i ca l  F lash  

Pyro lys i s  Pyre- Hydroge- Hydroge- Extrac- Pyro- 
Item l y s i s  na t ion  n a t i o n  t i o n  l y s i s  

Recovery Condit ions 
Recovery rate.  % 90 90 120 120 120 120 
Temperature, F 1300 1300 1290 840 600 1200 
Pressure ,  p s i g  15 15 425 2000 580 30 

Capital, $M 
1. Mining 290 320 250 250 250 250 
2. Bene f i c i a t ion  -- 550 420 420 420 420 
3. Recovery 770 220 520 610 260 640 

T o t a l  1060 1090 1190 1280 930 1310 

Annual Cost,  $M/yr 

2. Bene f i c i a t ion  -- 134 105 105 105 105 
1. Mining 21 24 18 18 18 18 

3. Recovery: 

Power 58/kWh 
Water 40 6/ kga 1 
Steam $4/klb 
Chemica Is 
Oper. l abo r  

Supervis ion 
& Serv ices  40% OL 
Overhead 40% OL+ML 
Maint. l abo r  

Op. & maint.  

Y Fue 1 $3/MBtu 

(OL) $13 /man-hr 

(ML) 2% c a p i t a l  

s u p p l i e s  3% c a p i t a l  

30.7 11#,8 40.6 
0.2 o., 1 0.0 
0.6 0 "  1 0.5 
3.8 - 1.3 -15.3 
1.0 1 /I 0 9.7 

2.5 1 43 5 1.5 

1.0 0.6 0.6 
7.2 2 .4  4.8 

15.4 4.4 10.4 

23.1 6.6 15.6 

25.7 
0.0 
0.2 
2.1 
3.4 

1.8 

0.7 
5.6 

12.2 

18.3 

9.7 
0.0 
0.2 
0.3 
5.7 

1.1 

0.5 
2.5 

5.2 

7.8 

7.8* 
0.0 
0.2 
0.0 
1.0 

1.1 

0.4 
5.6 

12.8 

19.2 

Subtotal-Recovery 
( Rounded ) 86 27 68 70 33 48 
Cap i t a l  
charges 25% c a p i t a l  265 273 298 320 232 328 

TOTAL 370 460 490 510 390 500 

W 

*Char a t  $2/MBtu 
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opera t ing  c o s t a  than Tosco I1 r e t o r t i n g  of concen t r a t e ,  and t o t a l  annual  

c o s t s  are roughly breakeven with the  Base Case and no b e n e f i c i a t i o n .  

Sec t ion  7 presents a f’urther d i scuss ion  o f  system comparisons. 



7. --- ALTERNAT CVE SYSTEMS 

I 

The three preceding s e c t i o n s  were concerned w i t h  i nd iv fdua l  s t e p s  i n  

t h e  o v e r a l l  system t o  see i f  a l t e r n a t i v e  s t e p s  p r e f e r a b l e  t o  those  i n  the  

Base Case could be i d e n t i f i e d .  The pixpose o f  t h i s  s e c t i o n  is t o  see 

whether t hose  a l t e r n a t i v e s  can be oomSined wi th  achievable  ope ra t ing  

parameters t o  a r r i v e  a t  a t o t a l  ber ie f lc ia t ion  system which would look 

a t t r a c t i v e  compared t o  the  Base Ca:,e without bene f i c i a t ion .  

We start by assuming use  of  t h e  s P m e  technology used i n  t h e  

b e n e f i c i a t i o n  Base Case ( i . e .  ba l l  m i l l  g r ind ing ,  f r o t h  f l o t a t i o n ,  and 

Tosco I1 p y r o l y s i s ) .  

examination of t h e  effects of changes i n  ope ra t ing  parameters  on c o s t s .  

We can then perform a s e n s i t i v i t y  a ~ a l y s i s ,  an  

The fol lowing parameters  were examined: 

o Ore as say  

o Enrichment r a t i o  

o Grinding energy 

o Sepa ra t ion  e f f i c i e n c y  

o Kerogen and o i l  recovert ies  

Ore as say  is  related p r imar i ly  t o  t h e  d i f f e r e n c e  between Eas te rn  and 

Western shales and it has a very l a r g e  effect  on c a p i t a l  c o s t  of t h e  

p y r o l y s i s  s e c t i o n .  That c a p i t a l  c o s t  is p l o t t e d  ve r sus  o r e  a s say  and 

enrichment r a t i o  i n  F igure  7-1. 

c a p i t a l ,  t h e  p l o t  is a convenient  s imple i n d i c a t o r  of t h e  effect on t o t a l  

c o s t s  of the two major parameters.  F igure  7-1 is  a s i m p l i s t i c  diagram 

A s  annual  c o s t s  are c o n t r o l l e d  by 

which assumes t h a t  t h e  c a p i t a l  c o s t  of r e t o r t i n g  is d i r e c t l y  p ropor t iona l  

t o  t he  t o t a l  amount o f  mass t h a t  must be r e t o r t e d  t o  produos a b a r r e l  of 

s h a l e  o i l ;  t h a t  assumption 1s a reasonable  approximation for moat r e t o r t  - 
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des igns  and becomes more accu ra t e  ever. modest a s say  ranges w i t h  smaller 
1 

throughputs  i n  each module arid w i t h  fewer common f a c i l i t i e s  capable  of 

r e a l i z i n g  economies o f  scale. 

t h e  Colony c a p i t a l  c o s t  o f  $770 mil l ion  a t  35 gp t  and an  enrichment r a t i o  

The base s t a r t i n g  po in t  o f  t h e  diagram is 

of one. 

A Western shale w i t h  a 35 g a l / t o n  assay  cannot be enr iched  even 

t h e o r e t i c a l l y  beyond about  a 5 t o  1 r a t i o .  I n  gene ra l ,  no s u b s t a n t i a l  

s av ings  can be r e a l i z e d  by pushing the  enrichment t o  t h e  l i m i t  because 

the  first savings  are t h e  largest  cne:3. Figure 7-1 a l s o  shows t h e  

tremendous c o s t  d i f f e r e n c e  between dir-ect r e t o r t i n g  o f  Western and 

Eas te rn  shales,  the  l a t t e r  having a t y p i c a l  assay  o f  10 ga l / t on .  

Although Tosco I1 may not. be t h e  optimum technology f o r  process ing  

unbenef ic ia ted  Eas te rn  shale, no o t h e r  optimum has been convincingly 

i d e n t i f i e d .  For example, t h e  Davy McKee study on Eas te rn  s h a l e  (Ref. 73) 

showed tha t  a modified Paraho r e t o r t  was cheaper than  t h e  Hytort  p rocess  

d e s p i t e  the  fact t h a t  Paraho was or ig . ina l ly  developed f o r  Western s h a l e s  

and Hytort  f o r  Eas te rn  shales. A diagram l i k e  F igure  7-1, wi th  a 

somewhat d i f f e r e n t  base r e fe rence  p o i n t ,  should be a p p l i c a b l e  for Paraho 

r e t o r t i n g  a l though it is no t  clear t h a t  Paraho--a s o l i d s  gravi ty-f low 

shaf t  r e t o r t  w i t h  gas upflow--could handle  a pel le t ized kerogen 

concent ra te .  

The economic s e n s i t i v i t y  o f  t he  b e n e f i c i a t i o n  process ,  from mining 

through recovery,  t o  the  major parameters  is presented  i n  concise  form i n  

Table 7-1 i n  terms o f  t o t a l  annual  c o s t s  broken down by plant s e c t i o n s .  

(To ta l  annual  c o s t s  are c a l c u l a t e d ,  as  i n  Sec t ion  3,  a8 t h e  dum of' annual  

ope ra t ing  c o s t s  p l u s  a 25% c a p i t a l  charge . )  

table  r ep resen t  t y p i c a l  Western anc! E,ist;ern o i l  sha l e s .  

The two sectlons of t h e  

I The first 
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Table 7-1 

S e n s i t i v i t y  Analysis  o f  Shale O i l  Mining Through Recovery 

Annual c o s t  i n  m i l l i o n s  of mid-1981 d o l l a r s  ( u n l e s s  i n d i c a t e d  o therwise)  

Grind- Separa- Recov- To ta l  % 
Mine i n g  t i o n  ery Rounded Savings - Case - 

Western Shale, 35 g a l / t o n  

No b e n e f i c i a  t ion  
(Base Case) 94 -- -- 277 370 
Four-fold enrichment 
(Base Case): 

-- 

High g r ind ing  co3 t  104 187 85 82 460 -24 
Low gr ind ing  c o s t  104 95 80 82 360 3 

89 46 86 290 22 
Low gr ind ing  c o s t  65 65 48 46 86 250 32 
High g r ind ing  c o s t  

89 46 loa 210 43 High g r ind ing  c o s t  

Target Process  : 
With recovery : 

Without recovery:  

Low gr ind ing  c o s t  65 65 48 46 loa 170 54 

Eas te rn  Shale, 10 g a l / t o n  

No b e n e f i c i a t i o n  
Four-fold enrichment: 

High g r ind ing  ccst 
Low gr ind ing  c o s t  

Fourteen-fold enrichment:  
High g r ind ing  c o s t  
Low g r ind ing  c o s t  

With recovery:  
Target Process:  

High g r ind in t ,  c o s t  
Low g r ind ing  c o s t  

High gr indin, ,  c o s t  
Low g r ind ing  c o s t  

Without recover:  .: 

26 0 -- 970 1230 

280 650 
280 330 

2 90 
270 

240 
240 

1460 
1120 

-19 
9 

280 650 
280 330 

270b 
265b 

82 
82 

1280 
960 

-4 
22 

180 310 
180 160 

160 
160 

86 
86 

740 
590 

40 
52 

180 310 
180 160 

160 
160 

1 Oa 
1 Oa 

660 
51 0 

46 
59 

( a )  
t i o n a t i o n  column. 
( b )  
c o s t .  

Assuming high kerogen concen t r a t e  is  fed d i r e c t l y  t o  c racking/ f rac-  

Decrease i n  r eg r ind  cost is p a r t i a l l y  o f f s e t  by higher  f l o t a t i o n  
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two numerical  l i n e s  are the  Base Cases without and with b e n e f i c i a t i o n .  

The cases denoted Iflow g r ind ing  cost t1  i n d i c a t e  the effect of  a r b i t r a r i l y  
I 

decreas ing  both g r ind ing  capi ta l  c a s t  and power requirements  t o  one h a l f  

of  those  i n  t h e  "high g r ind ing  c13stt1 cases. 

accomplishing t h i s  is t h e  replacement o f  b a l l  m i l l s  with s t a t i o n a r y  

s p i r a l  m i l l s  (see Sec t ion  4.8.1) b u t  t h e  a n a l y s i s  i n  Table 7-1 does not  

depend on t h a t  s p e c i f i c  change. The Eas te rn  shale sec t ior ,  has  two e x t r a  

cases f o r  t h e  four teen- fo ld  enrichment. 

One p o t e n t i a l  way of 

The effects  of  the  o the r  major parameters are shown by means of t h e  

so-ca l led  Target Process  which asshmes achievement of t h e  most favorable  

cond i t ions ,  o f t e n  a t  the  near - theor8e t ica l  l i m i t s .  It is l e f i n e d  as 

fo l lows  : 

o An i n c r e a s e  i n  enrichment r a t i o  t o  5 : l  and 17:l for Western and 

Eas te rn  shales, r e spec t ive ly .  

o A one-tenth i n c r e a s e  i n  kerogen recovery dur ing  s e p a r a t i o n ,  e.g. 

from 88 t o  97% of  the  o r e  kerogen f o r  Western s h a l e s .  

o An i n c r e a s e  i n  p y r o l y s i s  o r  o the r  l lrecoverytl)  02 y i e l d ,  i . e . ,  

from 90 t o  120% of  F ischer  assay .  

A f u r t h e r  50% decrease  i n  g r ind ing  c a p i t a l  and power c o s t s  fo r  

t h e  h igh  g r ind ing  c o s t  cases, e.g. equ iva len t  t o  t h e  sav ings  

from an i n c r e a s e  i n  a l lowable  p a r t i c l e  s i z e  from minus 40 

microns t o  minus 100 mesh such as i n  Direct P e l l e t i z a t i o n .  

Accordingly,  t h e  low g r ind ing  c o s t  cases of t h e  Target Process  

r ep resen t  a t o t a l  reduct ion  i n  g r ind ing  c a p i t a l  costs and power 

consumption of 75% w i t h  r e s p e c t  t o  t h e  "high g r ind ing  cost11 

cases. 

o 
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o Eliminat ion of the  p y r o l y s i s  o r  o the r  recovery s e c t i o n  by 

feeding  the high kerogen concen t r a t e  d i r e c t l y  t o  a 

c rack ing / f r ac t iona t ion  column, thus  sk ipping  the  retort o r  

r e a c t o r  w i t h  material handl ing,  hea t ing ,  coo l ing ,  and phase 

s e p a r a t i o n  equipment ( las t  two cases o f  each s e c t i o n ) .  A 

nominal $10 m i l l i o n  is included f o r  f r a c t i o n a t i o n  and 

down-stream s ludge  s e p a r a t i o n  i n s t e a d  of  t he  complete recovery 

s e c t i o n .  

The fol lowing comments should he lp  t o  i n t e r p r e t  Table 7-1. Mining 

and g r ind ing  of Eas te rn  shale is more expensive than  tha t  of  the Western 

ore p r imar i ly  because of large volumes involved. However, as Eastern 

mines are open p i t s  while t h e  Western ope ra t ions  are underground, t h e  

c o s t  r a t i o  of the  former t o  the  l a t t e r  is 2.2 t o  2.7 on a per  t on  basis 

(Ref. 9 ) .  I n  t h e  Target Process ,  t he  i n c r e a s e  i n  s e p a r a t i o n  e f f i c i e n c y ,  

enrichment r a t i o ,  and o i l  y i e l d  reduce the  requirements  f o r  o i l  shale 

from 66 yo 45 k tor,s/day wi th  t h e  corresponding c u t s  i n  mining and 

b e n e f i c i a t i o n  c o s t .  

I n  t h e  four-  and four teen- fo ld  enrichment a l t e r n a t i v e s ,  t he  low 

g r ind ing  c o s t  s e p a r a t i o n  is less expensive than the  h igh  g r ind ing  c o s t  

case because these a l t e r n a t i v e s  are based on f l o t a t i o n  which inc ludes  

r eg r ind  c i r c u i t s .  However, there is no such d i f f e r e n c e  f o r  t h e  Target 

Process  because it assumes no r eg r ind  as, f o r  example, i n  Direct 

P e l l e t i z a t i o n .  The sav ings  i n  s e p a r a t i o n  c o s t  going from a four-  t o  a 

four teen- fo ld  enrichment are no t  s i g n i f i c a n t  because t h e  r educ t ion  i n  

r eg r ind  c o s t  is p a r t i a l l y  o f f s e t  by more expensive f l o t a t i o n  t o  a t t a i n  

the  h igher  kerogen concent ra t ion .  



7-7 

Recovery c o s t s  of fou r  times enriched Western s h a l e s  and fou r t een  
w 

times enriched Eas te rn  o r e s  are equal  wi th in  t h e  accuracy of t h i s  s tudy  

because o f  t h e  same volume processed.  However, they are s l i g h t l y  lower 

than f o r  the  Target Process  becaiise a more e f f i c i e n t  recovery process ,  

such as S u p e r c r i t i c a l  Ex t r ac t ion ,  c o s t s  more than r e t o r t  py ro lys i s .  T h i s  

increased  c o s t  is only p a r t i a l l y  o f f s e t  by the  h igher  enrichment r a t i o  

assumed f o r  t h e  Target Process.  

The fol lowing conclus ions  can be drawn from t h e  s e n s i t i v i t y  a n a l y s i s  

represented  by Table  7-1. 

t h e  higher  b e n e f i c i a t i o n  c o s t  i n  the Base Case. 

high g r ind ing  e f f i c i e n c y  s i g n i f i c a n t l y  reduce Eas te rn  sha2.e process ing  

Decreased g r ind ing  c o s t  ba re ly  compensates f o r  

High enrichments and 

w i t h  r e s p e c t  t o  the case without  b e n e f i c i a t i o n ,  bu t  t o t a l  c o s t s  are s t i l l  

more than twice those  o f  t h e  Western shale cases. S u b s t a n t i a l  s av ings  

can be a t t a i n e d  only under the  favorable  cond i t ions  of t h e  Target Process  

app l i ed  t o  Western o r e s  i f  gr inding  c o s t s  can be reduced and/or t h e  

e x t r a c t i o n  s t e p  skipped. 

a l l .  

four teen- fo ld  enrichment o r  the Target Process ,  t h e  a b s o l u t e  c o s t s  are 

st i l l  too  h igh  t o  make t h e  case f l y .  

The Eas te rn  s h a l e  case is no t  a t t r a c t i v e  a t  

While s u b s t a n t i a l  r e l a t i v e  sav ings  can be a t t a i n e d  wi th  





8. .-- REMOTE RECOVERY 

w 
I n  t h e  preceding s e c t i o n s  i t  h a s  been assumed t h a t  t he  e n t i r e  process  

system, up through the  product ion of  raw shale o i l  a t  least, was loca ted  

a t  o r  ad jacen t  t o  the  s i te  o f  the  o re  body. However, as noted i n  

Sec t ion  2, one p o t e n t i a l  advantage of a system incorpora t ing  

b e n e f i c i a t i o n  is t h a t  t h e  kerogen Concentrate may be t r anspor t ed  away 

from t h e  o r e  s i t e  and processed elsewhere t o  recover  o i l ,  upgrade, and 

r e f i n e .  T h i s  op t ion  arises from t h e  fact t h a t  t h e  keroger concen t r a t e  is 

a reasonably r i c h  energy source ,  similar t o  some c o a l s  which can be and 

are economically t r a n s p o r t e d ,  rather than a l ean  rock which cannot be 

moved any s i g n i f i c a n t  distance a t  reasonable  c o s t .  

Compared t o  the  o re  s i t e ,  recovery from concen t r a t e  at, a remote s i t e  

may provide one o r  more o f  t h e  fol lowing incen t ives .  Some o f  these 

i n c e n t i v e s  can be e x p l o i t e d  i n  p a r t  by remote upgrading and r e f i n i n g  o f  

convent iona l ly  produced raw shale oil .  : 

o A l o c a t i o n  more t o l e r a n t  o f  environmental  emissions and wastes. 

o A l o c a t i o n  w i t h  better s i t e  cond i t ions  f o r  c o n s t r u c t i o n  and/or  

ope ra t ion  such as  c l ima te ,  geology, and t e r r a i n .  

o Locat ion i n  an i n d u s t l ' i a l  area where t h e  r equ i r ed  i n f r a s t r u c t u r e  

is i n  place and where s k i l l e d  workers are a v a i l a b l e .  

I n t e g r a t i o n  o f  the  process ing  p l a n t  wi th  a new r e f i n e r y .  

U t i l i z a t i o n  o f  i d l e  r e f i n e r y  capac i ty  by r e t r o f i t t i n g  some p l a n t  

o 

o 

s e c t i o n s  t o  se rve  as compatible  shale o i l  recovery o r  upgrading 

s e c t i o n s .  
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o Proximity o f  markets f o r  t h e  products .  A s i n g l e  cont inuous 

t r a n s p o r t a t i o n  system f o r  t h e  concen t r a t e  is l i k e l y  t o  be less 

expensive than  m u l t i p l e  and poss ib ly  i n t e r m i t t e n t  sh ip+nts  of a 

v a r i e t y  of products .  

As is o f t e n  t h e  case i n  cos t -bene f i t  a n a l y s i s  o f  complex and 

s p e c u l a t i v e  systems,  i t  is easier t o  quan t i fy  t h e  c o s t s  than t h e  

b e n e f i t s ,  and t h e  c o s t s  w i l l  be  considered first. 

8.1 Transpor ta t ion  Costs  f o r  Kerogen Concentrates  

Transpor ta t ion  c o s t  obviously depends on t r a n s p o r t a t i o n  mode and the  

p re fe r r ed  mode w i l l ,  i n  t u m ,  depend on t h e  d i s t a n c e ,  e x i s t i n g  

t r a n s p o r t a t i o n  systems, and geographic  cond i t ions .  Highway t ruck ing  

makes sense  f o r  s h o r t  d i s t a n c e s ,  unde r -u t i l i zed  roads ,  o r  i n  conjunct ion  

w i t h  a r a i l r o a d  t h a t  is too  far t o  be reached by b e l t  conveyors. Barge 

t r a n s p o r t a t i o n  doesn ' t  apply  t o  the  Western d e p o s i t s  and is  probably 

l imi ted  t o  a small number o f  Eas te rn  loca t ions .  The two realist ic 

t r a n s p o r t a t i o n  modes are ra i l  and s l u r r y  p ipe l ine .  

S l u r r y  t r a n s p o r t a t i o n  r e q u i r e s  large amounts o f  water. The problem 

can be a l l e v i a t e d  by bu i ld ing  a smaller p a r a l l e l  water p i p e l i n e  t o  

r e c y c l e  t h e  concen t r a t e  f i l t r a t e  and/or b r ing  make-up water i f  i t  is  more 

p l e n t i f u l  a t  the  recovery s i te .  

The a v a i l a b l e  l i t e r a t u r e  on s l u r r y  t r a n s p o r t a t i o n  is s e v e r a l  yea r s  

o ld  and is l imi t ed  t o  c o a l  and minera l  p roducts  with p a r t i c l e  s i z e s  above 

100 microns. 

i n t roduce  e r r o r s  when t h e  l a t e  1970's c o s t s  are updated. The r h e o l o g i c a l  

behavior o f  t h e  minus 20 micron concen t r a t e  is no t  known but  t h a t  

High i n f l a t i o n  rates and changing f inanc ing  cond i t ions  
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behavior might d i f fe r  s i g n i f i c a n t l y  I’rom coa l ,  copper concen t r a t e s ,  
I 

ground l imestone,  and o t h e r  minera l  products .  

Published c o a l  s l u r r y  t r a n s p o r t a t i o n  c o s t s  i nc lude  s l u r r y  p repa ra t ion  

a t  t h e  beginning o f  t h e  p i p e l i n e  and dewatering a t  the  end. As t h e s e  

c o s t s  are c o n s t a n t ,  whi le  the  p i p e l i n e  c o s t  v a r i e s  wi th  l eng th ,  t h e  

t a r i f f  i n  #/ton-mile is distance-dependent.  Copper concen t r a t e  

t r a n s p o r t a t i o n  t a r i f f s  are not  a f f ec t ed  by p i p e l i n e  l eng th  because they  

exclude s l u r r y  p repa ra t ion  and dewatering but  t h e  c o s t s  are not  as well 

documented as the  c o a l  data. 

A DOE r e p o r t  (Ref. 66) t h a t  give23 a c o s t  breakdown of  c o a l  s l u r r y  

The c o s t  was escalated t o  1981 and p i p e l i n e s  was used i n  t h i s  s tudy.  

scaled down from a 38-inch t o  a 20-inch p ipe  diameter. 

conserva t ive  estimate based on hydrau l i c  c a l c u l a t i o n s  and assumes a 

s o l i d s  concen t r a t ion  of  50 vol. 5 .  13ecause o f  the  u n c e r t a i n  

The l a t te r  is a 

non-Newtonian behavior  o f  t h e  s h a l e  concen t r a t e ,  s e v e r a l  equa t ions  

publ ished by Wasp (Ref. 67)  and Per ry  (Ref. 68) were used t o  assist i n  

these c a l c u l a t i o n s .  

The r e s u l t  f o r  kerogen concen t r a t e  is an approximate tariff  o f  

3#/ton-mile; it assumes a 1,000 m i l e  p i p e l i n e  but  should be independent 

of  d i s t a n c e  above 100 miles because pumping s t a t i o n s  are loca ted  a t  

60- t o  80-mile i n t e r v a l s .  

charts (Ref. 67) cons ide r ing  e s c a l a t i o n ,  cont ingency,  and t h e  25% annual  

The ta r i f f  is i n  good agreement wi th  Wasp’s 

c a p i t a l  charge used i n  t h i s  s tudy ve r sus  t he  15% used by Wasp. The 

p a r a l l e l  water p i p e l i n e  would i n c r e a s e  t h e  t a r i f f  t o  about  

4.5#/ton-mile. 

References 67, 68, 76, 77 i r idicated t h a t  comparable r a i l r o a d  f r e i g h t  

ranges from 2 t o  6 ~ / t o n - m i l e ,  depending on d i s t a n c e ,  l o c a l  cond i t ions ,  

A s e p a r a t e  s tudy based on i n d u s t r i a l  exper ience  and 

w 
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and whether u n i t  t r a i n s  are used and new track cons t ruc t ion  is requ i r ed .  

A rate o f  3#/ton-mile is equ iva len t  t o  l$?/barrel-mile f o r  100% F i sche r  

Assay recovery of a kerogen concen t r a t e  o f  126 ga l lons / ton .  

For comparison wi th  t r a n s p o r t i n g  o i l s ,  Occidenta l  (Ref. 70) estimated 

1977 c o s t s  o f  p ip ing  shale o i l  t o  be 0.7 t o  1.4$/ton-mile a t  rates of 

150,000 t o n d d a y  t o  30,000 tons/day r e spec t ive ly .  

8.2 B e n e f i t s  of Remote Recovery 

This s e c t i o n  attempts some i l l u s t r a t - v e  q u a n t i f i c a t - m s  o f  the  

. b e n e f i t s  f o r  remote recovery l i s t e d  i n  t he  in t roduc to ry  paragraphs of 

Sec t ion  8. 

balance,  p l a n t s  process ing  Eas te rn  shales are l i k e l y  t o  have n e t  

i n c e n t i v e s  t o  remain a t  o r  ad jacen t  t o  the  o r e  s i tes .  Unlike the  Western 

s i t u a t i o n ,  the  socioeconomic, environmental ,  and c o n s t r u c t i o n  problems 

should be no more seve re  a t  Eas te rn  o re  s i tes  than a t  any reasonable  

remote loca t ion .  

The examples are confined t o  Western shales because,  on 

Construct ion Site:  

Basin has been estimated t o  c o s t  perhaps 40% more than  cons t ruc t ion  

of t h e  same faci l i t ies  a t  a s tandard  Gulf Coast l oca t ion .  The 

p o t e n t i a l  b e n e f i t  t h a t  b e n e f i c i a t i o n  b r i n g s  t o  remote recovery is  

confined t o  the  recovery s e c t i o n  (us ing  r e t o r t i n g ,  f o r  example) 

because ( a )  t h e  b e n e f i c i a t i o n  s e c t i o n  must remain a t  t h e  o r e  s i t e ,  

and ( b )  i n  a convent iona l  process  sequence, raw shale o i l  from a 

r e t o r t  could a l s o  be piped away f o r  remote upgrading and r e f i n i n g  if 

there were a n e t  i ncen t ive  t o  do so. 

Process  p l a n t  cons t ruc t ion  i n  t h e  Piceance Creek 
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Considering t h e  Base Case w i t h  b e n e f i c i a t i o n  ( T a b l e  3-71, t h e  

c a p i t a l  c o s t  of the  recover-y {:pyrolysis)  s e c t i o n  p l u s  a prora ted  

s h a r e  o f  o f f s i t e s  is $370 niilLion. A t  a Gulf Coast l o c a t i o n ,  t h a t  

c a p i t a l  c o s t  might be reduced t o  $260 mi l l i on  f o r  a g r o s s  sav ing  (ex  

t r a n s p o r t a t i o n  c o s t s )  of $'I10 mil l ion  or 4% of  t he  o r i g i n a l  t o t a l  

c a p i t a l  c o s t  of $2950 m i l l i o n .  

I n t e g r a t i o n  i n t o  New o r  Existing, Re f ine r i e s :  

t o  a b e n e f i c i a t i o n  system per  se are aga in  l i m i t e d  t o  t h e  recovery 

s t e p  because raw shale o i l  from r e t o r t i n g  can a l s o  be t r anspor t ed  

(and more cheaply than  kerogen concen t r a t e )  f o r  remote upgrading and 

r e f i n i n g  a l though reduct ion  i n  o i l  pour po in t  is necessary ,  e.g. by 

us ing  pour p o i n t  dep res san t s ,  d l l u t i o n ,  o r  v i sbreaking .  I n  a new 

r e f i n e r y ,  a new recovery r e a c t o r  must be provided as a d i s c r e t e  u n i t ,  

and no sav ings  can r e s u l t ;  there may be sav ings  throug;h i n t e g r a t i o n  

of  o f f s i t e s .  

the  a v a i l a b i l i t y  o f  i d l e  equipment s u i t a b l e  f o r  t h e  recovery s t e p .  

An o p t i m i s t i c  o v e r a l l  assumption 13 t h a t  no new o f f s i t e  investment 

w i l l  be r equ i r ed ,  but  t h a t  a recovery r e a c t o r  must be cons t ruc t ed  a t  

Gulf Coast c o s t s .  

g r o s s  c o s t  r educ t ion  of' $210 m i l l i o n  or about  7% of  t h e  o r i g i n a l  

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

Labor Requirements and Socioeconomic Problems: I n  t h e  Western s h a l e  

areas, popula t ion  is s p a r s e  and community f ac i l i t i e s  do no t  e x i s t  t o  

The b e n e f i t s  acc ru ing  

I n  an e x i s t i n g  rei ' inery,  t h e r e  is no way we can p r e d i c t  

That assumption r e s u l t s  i n  a maximum Base Case 

s e r v e  t h e  large new c o n s t r u c t i o n  and ope ra t ing  f o r c e s  r equ i r ed  f o r  

shale o i l  p l a n t s .  

primary on-s i te  ope ra t ing  l abor  f o r c e  of about  1000 t o  1500 workers 

and a t o t a l  induced popula.t ion i n  the  reg ion  o f  about  5 t o  10 times 

A " typ ica l "  50,000 ba r re l /day  p lan3  w i l l  r e q u i r e  a 
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t h a t  s ize  (Ref. 71,721. The provis ion  and c a r i n g  f o r  large new l a b o r  

f o r c e s  (and t h e i r  families and community i n f r a s t r u c t u r e )  r e s u l t s  i n  

high economic and s o c i a l  d i s r u p t i o n  c o s t s .  A technology which 

reduces the  r e g i o n ' s  l abo r  requirements  is t h u s  o f  real va lue .  

A benefioiat ion-based system wi th  remote recovery affects l o c a l  

l abo r  requirements  by: 

- Inc reas ing  the  mining l abor  f o r c e  modestly t o  the  e x t e n t  tha t  

kerogen is l o s t  i n  the  recovery s t e p ,  say  lo%, i f  t he  mining 

technology is  unchanged. (The mining l a b o r  f o r c e  could be 

decreased s u b s t a n t i a l l y ,  say  50% o r  more, i f  t he  use  o f  

b e n e f i c i a t i o n  t o  process lean ores makes it desirable t o  

s u b s t i t u t e  s u r f a c e  mining, wi th  l e a n  strata i n  t he  overburden, 

f o r  underground mining. But t h a t  s u b s t i t u t i o n  does no t  depend 

on remote process ing . )  

- Adding a new l abor  fo rce  t o  ope ra t e  the  comminution, s e p a r a t i o n ,  

and t a i l i n g s  d i s p o s a l  systems. 

- S u b t r a c t i r g  the  l abor  force requ i r ed  t o  o p e r a t e  the  recovery 

( p y r o l y s i z )  s e c t i o n  and spen t  shale d i sposa l .  

- A l t e r i n g  somewhat t h e  l abor  fo rce  needed f o r  o f f s i t e s .  

On ba lance ,  t he  i n t r o d u c t i o n  o f  both b e n e f i c i a t i o n  and remote 

recovery shoulc  have only a small effect i f  the  system inc ludes  

underground mining. Mining accounts  f o r  about  h a l f  t h e  t o t a l  work 

f o r c e  and is i nc reased ,  n o t  decreased, by b e n e f i c i a t i o n .  The 

b e n e f i c i a t i o n  p l u s s e s  should roughly ba lance  t h e  p y r o l y s i s  minuses. 

Our conclus ion  is t h a t  remote recovery i n  a benef ic ia t ion-based  

system w i l l  no t  reduce s i g n i f i c a n t l y  the  on - s i t e  l a b o r  f o r c e  or t o t a l  

induced l o c a l  populat ion.  Bene f i c i a t ion  i tself  could encourage a 
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s h i f t  from underground t o  su r faoe  mining, bu t  t h a t  s h i f t  i s  l i k e l y  t o  

be dictated by environmental ,  site-specific, and t r a d i t i o n a l  economic 

cons ide ra t ions  rather than by socioeconomics. 

Environmental Effects: Remot,e recovery of o i l  from concen t r a t e  can 

remove from the  ore s i te  all wastes and emissions arising from t h e  

recovery s e c t i o n  (e.g. r e t o r t i n g ) ,  d i s p l a c i n g  them t o  some o t h e r  

l o c a t i o n  where environmental  c o n s t r a i n t s  and/or  impacts may be less  

severe .  

s e c t i o n s  a t t r i bu tab le  t o  remote recovery,  and no effect on t h e  

upgrading and r e f i n i n g  s e c t i o n s  a t t r i b u t a b l e  t o  b e n e f i c i a t i o n .  

There would be no effelzt on t h e  mining and b e n e f i c i a t i o n  

For t h e  Base Case inc lud ing  b e n e f i c i a t i o n ,  estimated a i r  emissions 

from the  recovery s e c t i o n  are shown i n  the  fol lowing table. The 

numbers were c a l c u l a t e d  from the  Colony data shown i n  Reference 71 

reduced by 60% t o  a l low f o r  $he smaller r e t o r t i n g  s e c t i o n  r equ i r ed  t o  

handle  concen t r a t e  rather than ore :  

Table 8-1 

Estimated Atmospheric Emissions from the  Recovery Sec t ion  

i n  t h e  Bene f i c i a t ion  Base Case (TonnedDayl  

HC CO 
X 

P a r t i c .  NO --- - - -  s02 - 

0.6 0.7 6.2 1.2 0.2 

Except f o r  p a r t i c u l a t e s ,  major a tmospheric  emissions i n  a shale o i l  

f a c i l i t y  are e n t i r e l y  due t o  h:..gh temperature gas r e a c t i o n s  such as 
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combustion which occur  p r imar i ly  i n  t he  recovery s e c t i o n  (and 

secondar i ly  i n  i n t e r n a l  combustion equipment and exp los ives  used i n  

o t h e r  upstream s e c t i o n s ) .  Therefore ,  remote recovery r e s u l t s  i n  

e l imina t ion  of 40+$ o f  r egu la t ed  a i r  p o l l u t a n t s  except  p a r t i c u l a t e s .  

The impact of remote recovery on t o t a l  p a r t i c u l a t e s  produced a t  

t h e  s i t e  is no t  clear because ( a )  we have l i m i t e d  understanding of 

the  product ion o f  p a r t i c u l a t e s  t h a t  would r e s u l t  from in t roduc ing  t h e  

b e n e f i c i a t i o n  s e c t i o n ,  and (b)  data l i k e  those  o f  Table 8-1 refer 

only t o  c o n t r o l l e d  p a r t i c u l a t e s  and ignore  f u g i t i v e  d u s t  (i.e. any 

d u s t  tha t  escapes  from a source  o t h e r  than a stack o r  duc t )  which 

r e s u l t s  from b las t ing ,  mining, and other s o l i d s  handling a c t i v i t i e s  

i n  t h e  open. 

Remote recovery also results i n  e l i m i n a t i n g  s i t e  product ion o f  

r e t o r t  waste water and o f  spen t  shale. That e l imina t ion  is n o t  

l i k e l y  t o  be a major cons ide ra t ion  s i n c e  the  f a c i l i t y  can be designed 

f o r  z e r o  discharge o f  waste water, and spen t  shale can be mixed w i t h  

t a i l i n g s  (as is assumed i n  Sec t ions  3 and 5 )  f o r  d i s p o s a l .  

8 . 3  Conclusions 

There c l e a r l y  are b e n e f i t s  a s s o c i a t e d  with process ing  shale o i l  a t  a 

l o c a t i o n  remote from the  rugged, d r y ,  sparse ly  populated,  and 

environmental ly  p r i s t i n e  Western o r e  sites. 

t o  t h e  remote upgrading and r e f i n i n g  o f  raw shale o i l  produced by 

convent iona l  s u r f a c e  o r  i n  s i t u  r e t o r t i n g .  

remote t r a n s p o r t  o f f s e t  t hose  b e n e f i t s  goes beyond the  scope of our  

s tudy.  The cos t -bene f i t  r a t i o  could be very a t t r a c t i v e  i n  p r i n c i p l e  f o r  

Many o f  the  b e n e f i t s  acc rue  

Whether o r  no t  the  c o s t s  o f  

, 

P 
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an  i n d u s t r y  producing a m i l l i o n  b a r ~ e l s  a day p ipab le  t o  large r e f i n i n g  

complexes wi th  i d l e  capac i ty .  B u t  :shale o i l  p l a n t s  w i l l  be b u i l t  
- 

projec t -by-pro jec t ,  firm-by-firm. Etealizing t h e  b i g  p i c t u r e  

a t t r a c t i v e n e s s  is not  obvious from t h e  pe r spec t ive  o f  t he  i n d i v i d u a l  

p r o j e c t  owner p a r t i c i p a t i n g  i n  a s lowly evolv ing  indus t ry .  

The i n t r o d u c t i o n  of b e n e f i c i a t i o n  enab le s  remote process ing  t o  move 

upstream one more s t e p  t o  inc lude  conversion o f  kerogen t o  o i l  as  well as 

o i l  upgrading and r e f i n i n g .  However, t h e  a d d i t i o n  of t h a t  s t e p  

s u b s t a n t i a l l y  i n c r e a s e s  t h e  c o s t  o f  remote t r a n s p o r t  (due t o  moving a 

water s l u r r y  rather than  an oil) and y i e l d s  modest new b e n e f i t s :  

or  no l abor  sav ing  and socioeconomi, r e l i e f ,  and small p o t e n t i a l  

c o n s t r u c t i o n  sav ings ,  bu t  a major r educ t ion  i n  t h e  r e g i o n a l  burden of a i r  

emissions o t h e r  than  p a r t i c u l a t e s .  

l i t t l e  

On ba lance ,  t h e  op t ion  t o  recover  o i l  from kerogen remotely may be 

h e l p f u l  i n  some c i rcumstances  but  i t  is  not  l i k e l y  t o  provide  a major 

i n c e n t i v e  t o  s w i t c h  t o  a benef ic ia t ion-based  system. 





9. RESEARCH ANI) DEVELOPMENT OPPORTUNITIES 

I Our conclusion from t h e  preceding s e c t i o n s  of t h i s  r e p o r t  is t h a t  our  

p r e s e n t  s ta te  o f  knowledge about  comminution, s epa ra t ion ,  and o i l  recovery 

of o i l  shale does not  j u s t i f y  a major development e f f o r t  aimed a t  a sys-  

tem incorpora t ing  high-enrichment bene f i c i a t ion  t h a t  would be obviously 

a t t r a c t i v e  compared t o  systems without b e n e f i c i a t i o n .  

state of knowledge is p r imi t ive  i n  many r e spec t s .  

program o f  basic and app l i ed  research 

more o p t i m i s t i c  view o f  t h e  prospect:! o f  b e n e f i c i a t i o n  systems. 

seems t o  be no t h e o r e t i c a l  barrier t o  major improvement. Therefore ,  t h i s  

s e c t i o n  b r i e f l y  no te s  some i . n i t i a1  t e c h n i c a l  ques t ions  which warrant  

answering through research, w i t h  devt?lopment programs and o t h e r  research 

(on t a i l i n g s  d i s p o s a l ,  f o r  example) :o follow i f  those  ques t ions  are 

answered favorably .  

But our  p r e s e n t  

We t h i n k  t h a t  a modest 

j u s t i f i e d  and could lead t o  a 

There 

Comminution: 

i n g  high-enrichment b e n e f i c i a t i o n  are due t o  t h e  comminution s e c t i o n .  

Most c a p i t a l  and ope ra t ing  c o s t s  i ncu r red  by in t roduc-  

As noted i n  Sec t ion  4 and Reference 21, comminution is a poorly 

understood and extremely i n e f f i c i e n t  u n i t  ope ra t ion .  Major improve- 

ments i n  comminution could not  only make s h a l e  b e n e f i c i a t i o n  com- 

p e t i t i v e  but  could lead t o  new o p p o r t u n i t i e s  f o r  deep c l ean ing  of 

c o a l  and t o  new process ing  techniques  f o r  o t h e r  ores .  Recent r e p o r t s  

of advances i n  commercial comminution equipment (e.g. Allis-Chalmers, 

Ref. 80) lead t o  optimism t h a t  major improvements are achievable  and 

would go a long way toward making high-enrichment b e n e f i c i a t i o n  

competi t ive.  
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Comminution research  should focus  on determining the  minimum 

amount o f  energy requi red  t o  f r a c t u r e  d i f f e r e n t  o r e s  and on 

understanding how to  apply f o r c e s  t o  t h e  o r e  t o  impart  t h a t  energy 

wi th  greatest e f f i c i e n c y .  Understanding o f  t h a t  type  is a 

p r e r e q u i s i t e  t o  designing comminution dev ices  i f  we are t o  have any 

reasonable  chance o f  major p r a c t i c a l  improvements i n  energy 

consumption, where ttmajortt means a reduct ion  o f  a t  least a f a c t o r  of 

two o r  (we hope) much more. (Also, see Sec t ion  4.7,  p. 4-39.)  

Charac te r i za t ion :  Research i n  t h e  area o f  c h a r a c t e r i z a t i o n  should 

answer two fundamental ques t ions .  

F i r s t ,  where is t h e  kerogen loca ted  i n  o i l  shale powders liberated 

by va r ious  methods o f  comminution? 

obta ined  without  p e r f e c t l y  l iberated kerogen. 

mineral  s u r f a c e s ,  as t h e  w e t t a b i l i t y  s e p a r a t i o n s  sugges t ,  decreases 

s e p a r a t i o n  e f f i c i e n c y .  

decreased kerogen smearing and, as such,  improved s e p a r a t i o n  

e f f i c i e n c y  . 

A p e r f e c t  s e p a r a t i o n  cannot  be 

Smearing o f  kerogen on 

Various comminution methods should show 

Second, what o t h e r  phys i ca l  p r o p e r t i e s  could be  used t o  s e p a r a t e  

kerogen from oil s h a l e ?  And a t  what temperature  is t h e  phys ica l  

p rope r ty  d i f f e r e n c e  t h e  g r e a t e s t ?  To answer these ques t ions  the 

phys ica l  p r o p e r t i e s  of kerogen and minera ls  should be measured 

s e p a r a t e l y  a t  va r ious  temperatures .  Emphasis should be on the  

phys ica l  p r o p e r t i e s  which could be used f o r  s e p a r a t i o n s  ( i . e . ,  

conduc t iv i ty ,  magnetic s u s c e p t i b i l i t y ,  a b s o r p t i v i t y ,  e t c . ) .  
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Separa t ion :  Given the  conclusion t h a t  comminution is t h e  most 

expensive p a r t  of  bene f i ca t ion ,  it seems u n l i k e l y  t h a t  research on 

h igh  enrichment s e p a r a t i o n s  is called f o r  u n t i l  more economical 

comminution methods are ava i l ab le - - e spec ia l ly  because comminution and 

s e p a r a t i o n  are not  independent s t e p s .  However, i f  an e f f i c i e n t  d r y  

s e p a r a t i o n  was a v a i l a b l e ,  t h e  economic p i c t u r e  would be g r e a t l y  

improved. For t h i s  reason ,  f u r t h e r  research is warranted on d ry  

s e p a r a t i o n s  r e q u i r i n g  l i t t l e  gr inding .  Examples o f  W i s  kind of 

s e p a r a t i o n  are hard t o  imagine, but  t h e  s t i c k i n e s s  s e p a r a t i o n  may be  

i n  t h i s  ca tegory .  

Recovery: Bench-scale researzh is warranted on s u p e r c r i t i c a l  

e x t r a c t i o n  o f  kerogen concen t r a t e ;  t h e  concen t r a t e  can be prepared by 

e x i s t i n g  l a b o r a t o r y  methods l i k e  t hose  d iscussed  i n  Sec t ion  5. 

Experiments on y i e l d  and q u a l i t y  as a func t ion  o f  s o l v e n t  t ype  and 

ope ra t ing  cond i t ions  ( r a t i o s ,  time, temperature ,  etc.1 should r e s u l t  

i n  data t h a t  w i l l  permit  conf ident  estimates o f  whether s u p e r c r i t i c a l  

e x t r a c t i o n  r e a l l y  is an a t t r a c t l v e  a l t e r n a t i v e  t o  r e t o r t i n g .  The 

p r o s p e c t s  of t h e  other recovery methods d i s c u s s e d  d o  not  look 

promising enough t o  j u s t i f y  r e sea rch  a t  t h i s  time. 
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Capi ta l  c o s t  of i n d u s t r i a l  f a c i l i t i e s  is estimated i n  va r ious  ways 

depending on the engineer ing  information a v a i l a b l e ,  accuracy r equ i r ed ,  

and e f f o r t  j u s t i f i e d .  I n  estimatiig work, the  p l a n t  is always broken 

down i n t o  items, the  va r ious  methods d i f f e r i n g  i n  the s t r u c t u r e  and 

d e t a i l  of t h i s  breakdown. I n  t h e  process  indus t ry ,  most methods d i v i d e  

p l a n t s  i n t o  p rocess  equipment;, and bulk or commodity materials such as 
J pip ing ,  b r ick  or c o n t r o l  instruments .  Ind iv idua l  equipment and 

commodities have a material and l abor  component, the la t ter  r e p r e s e n t i n g  

the man-hours t o  set the  equipment u n i t  o r  i n s t a l l  the  p a r t i c u l a r  

commodity material. I n  a d d i t i o n ,  earthwork, f re ight ,  i n d i r e c t s  and o t h e r  

items are accounted for. 

I n  pre l iminary  e s t ima t ing ,  the  most widely used technique is t h e  

f a c t o r  method. 

similar u n i t s  i n  prev ious  jobs, or l i t e r a t u r e .  Commodities are estimated 

on mul t ip ly ing  equipment costs by specific f a c t o r s .  

Process  equipment c o s t  is based on te lephone q u o t a t i o n s ,  

Overa l l  f a c t o r s  are 

used for bu i ld ings ,  u t i l i t i e s ,  and o t h e r  non-process "systems" without  

breaking these items down i n t o  equipment and commodities. 
r 

Addi t iona l  

f a c t o r s  apply t o  s i t e  development, f re ight ,  i n d i r e c t s ,  and o t h e r  c o s t .  
I 
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Cap i t a l  e s t ima t ion  involves  s e v e r a l  steps.  I n  each s t e p  a group o f  

items is added. 

f a c t o r s  used i n  t h e  next  s t e p .  

estimated as func t ions  o f  capac i ty ,  e.g., b u i l d i n g s  c o s t s  as f l o o r  area 

times a f a c t o r ,  or aower supply c o s t s  i n  p ropor t ion  t o  kWh requirements .  

A t y p i c a l  sequence o f  s teps  is shown i n  Table I. 

are def ined  i n  Exh ib i t  I. 

completeness bu t  won't be d iscussed  i n  t h i s  paper. 

The t o t a l  o f  the  previous  s t e p  is the basis f o r  the  

A l t e r n a t i v e l y ,  some items may be 

The less common items 

The items o f  t h e  last s t e p  are l i s t e d  only f o r  

There are many v a r i a t i o n s  of t h e  f a c t o r  method. Many c o s t  items 

shown i n  Table I are o f t e n  d iv ided  i n t o  subitems l i s ted  i n  Exh ib i t s  I and 

I1 (first column). Some v a r i a t i o n s  use  d i f f e r e n t  f a c t o r  bases f o r  items 

and subi tems t h a t  are included i n  a s i n g l e  s t e p  i n  Table I. 

it was proposed to  estimate u t i l i t y  supply subi tems based on t h e  sum of 

i n s t a l l e d  equipment c o s t ,  p rocess  b u i l d i n g s  and g e n e r a l  faci l i t ies .  It 

appears  t o  be most l o g i c a l  t o  use  t h e  sum of purchased equipment c o s t  as  

t h e  base f o r  capitalized spare p a r t s  bu t  t o  inc lude  them i n  miscel laneous 

For example, 

direct  c o s t .  However, some e x p e r t s  i nco rpora t e  spares i n  working 

capi ta l .  The worst  i n c o n s i s t e n c i e s  among the  v a r i a t i o n s  o f  the  f a c t o r  

method are i n  the  area of miscel laneous direct  and f i e l d  i n d i r e c t  c o s t s .  

The i n c o n s i s t e n c i e s  o f  a s s ign ing  c o s t  items t o  v a r i o u s  computat ional  

s teps  may cause m i s i n t e r p r e t a t i o n  of c o s t  data and make the  use  o f  many 

data sou rces  d i f f i c u l t  if no t  impossible.  

s t a n d a r d i z a t i o n  effort  wi th in  t h e  American Assoc ia t ion  o f  Cost Engineers 

has been i n i t i a t e d  i n  conjunct ion  wi th  t h i s  s tudy.  

capi ta l  e s t ima t ion  models, it is o f  utmost importance t o  proper ly  d e f i n e  

a l l  items. Moreover, the  method should be made f l e x i b l e  enough t o  a l low 

To remedy t h i s  problem, a 

I n  development of 
1 

W 
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f o r  a l t e r n a t i v e  computat ional  r o u t e s  and ex tens ive  use  o f  o u t s i d e  data. 
w 

Some l i t e r a t u r e  d a t a  on capital  e s t ima t ion  f a c t o r s  have no t  made t h e  

d i s t i n c t i o n  between the  material and l abor  component o f  i n d i v i d u a l  c o s t  

itesm. This approach was adequate i n  the  o l d  days o f  low i n f l a t i o n  and 

as long as t h e  a p p l i c a t i o n  o f  t he  f a c t o r  method was l i m i t e d  t o  c e r t a i n  

t r a d i t i o n a l  petroleum and petrochemical  geographic areas. However, h igh  

i n f l a t i o n  rates i n  t h e  e a r l y  1970's brought a long  s i g n i f i c a n t  d i f f e r e n c e s  

among t h e  e s c a l a t i o n  rates o f  var ious  equipment, material and l a b o r  

c a t e g o r i e s .  Also, new government r e g u l a t i o n s  have affected some c o s t  

items more than  o the r s .  The resalt has been a d i s t o r t i o n  of the  f a c t o r s  

developed i n  the  1950's and 60 's .  I n  a d d i t i o n ,  as t h e  method has been 

used f o r  e s t ima t ing  p l a n t s  l oca t ed  i n  d i f f e r e n t  geographic  areas, t h e  

d e v i a t i o n s  i n  l abor  p r o d u c t i v i t y  and wage rates have caused g r o s s  e r r o r s .  

Most c o s t  items can be separated i n t o  a material and l abor  component 

where 

K - f B  ( 3 )  

There are expec t ions ,  such as capitalized spare p a r t s  which don ' t  have a 

l abor  component. 

f a c t o r  base. For example, Hackney bases commodity labor on commodity 

material rather than on purchased equipment. All c o s t s  have t o  refer t o  

the same year .  

sou rces  are used as the f a c t o r  bases, they  have t o  be c a l c u l a t e d  or 

The material f a c t o r  base may d i f f e r  from the l abor  

For i n s t a n c e ,  i f  purchased equipment costs from d i f f e r e n t  

de-escalated t o  the  same re fe rence  yea r ,  

B = EY = (Iy/I) E ( 4 )  

where E and I refer t o  any year  while  t he  s u b s c r i p t  y denotes  t h e  

I r e fe rence  year. 
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The ''f" i n  Equation 3 is a "do l l a r t t  f a c t o r  because its dimension is 

$/$. For labor aomponents, an pthourtt f a c t o r ,  h ,  is preferable. The two 

f a c t o r s  are related by the fo l lowing  equat ion:  

f = w(P/Po)h (5) 

where p r o d u c t i v i t y ,  p ,  and wage rate, w, refer t o  the  a c t u a l  geographic  

area while Po refers t o  s tandard  cond i t ions  on which h is based. 

a l i m i t e d  per iod  of time, the  material d o l l a r  f a c t o r  should be 

independent o f  i n f l a t i o n  and geographic  l o c a t i o n  f o r  a l l  practical 

Over 

1) 

purposes.  The l abor  dollar f a c t o r  should be i n s e n s i t i v e  t o  i n f l a t i o n  b u t  

a f f e c t e d  by geography while t h e  oppos i t e  is t r u e  about  the l a b o r  hour 

f a c t o r .  

It is proposed t o  r e v i s e  the  f a c t o r s  developed here be fo re  1975 and 

keep updat ing them p a r t i c u l a r l y  dur ing  high i n f l a t i o n  periods. As t e  

first s t e p  i n  t h i s  d i r e c t i o n ,  f a c t o r s  were compiled from p r o j e c t s  o f  

major engineer ing  companies i ssued  i n  t h e  1975 through 1980 pe r iod  which 

had a r e l a t i v e l y  low i n f l a t i o n  rate. Commodity material and i n s t a l l a t i o n  

l abor  hour f a c t o r s  f o r  s e l e c t e d  equipment types  are repor t ed  i n  Tables I1 

and I11 r e s p e c t i v e l y .  The term i n s t a l l a t i o n  l abor  denotes  the  sum o f  

setting and commodity crafts. 

s tandard  geographic  area and mid 1980 as the r e fe rence  year  f o r  t h e  

material c o s t  base i n  T a b l e  111. The corresponding labor d o l l a r  f a c t o r s  

are also shown i n  Table I11 us ing  Southern C a l i f o r n i a  as the  geographic  

a r e a  and 1975 as the  r e f e r e n c e  year  f o r  comparison. Table I V  lists t h e  

impl ied  wage rates and c o s t  i nd ices .  "Gulf Coasttt is used t o  denote  the  

geographic area around the  mouth o f  t h e  Sabine River i n  Texas and 

Louis iana.  Table V p r e s e n t s  f a c t o r s  f o r  major misce l laneous  d i r e c t  and 

i n d i r e c t  items. 

Gulf Coast has been s e l e c t e d  as the 
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SYMBOLS 

A 
I 

opera t i ona 1 add i t  iona 1 i n p u t  ( var ious  d imensi ons ) 

B f a c t o r  base such as purchased equipment c o s t ,  commodity c o s t  o r  

the  sum o f  prev ious ly  e s t ab l i shed  c o s t  items ($1 

C computed c o s t  item ($1 

E purchased equipment c o s t  whizh is a l s o  the  b a s i c  i n p u t  ($)  

I c o s t  index (no dimension) 

K material o r  l abor  component ($1 

S s i z e ,  capacity o r  capacity parameter ( v a r i o u s  dimensions) 

a ,  b , c ,  equipment c o s t  c o r r e l a t i o n  m e f f i c i e n t s  (no dimension) 

f c a p i t a l  e s t ima t ion  f a c t o r  ($/$I  

P average  c o n s t r u c t i o n  labor p r o d u c t i v i t y  i n  a geographic  area (no 

dimension) 

q u a l i t y  assurance  t ransform c o e f f i c i e n t  (no dimension) 

r a d i a t i o n  p r o t e c t i o n  t ransform c o e f f i c i e n t  (no dimension) 

q 

r 

S seismic p r o t e c t i o n  transform c o e f f i c i e n t  (no dimension) 

W 

Sub s c r i p t s  

E equipment 

K material o r  l abor  component 

L l ab  o r  

M material 

Y r e f e rence  yea r  

0 s tandard  geographic  c o n d i t i o n s  

average wage rate i n  a geographic area ($/man-hour) 
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Table I 

INVESTMENT COWPUTATION STEPS 
. .  

p e p  

1. 

. 

2. 

3. 

4. 

5. 

6. 

7. 

a. 

Cost Item 

Purchased e qu i pnien t 
+ Setting Labor 
+ Comodities 
-~ 

Total-Installed equipment 
+ Process b u i l  dings 
+ Utility supply 
+ U t i l i t y  distribution 
+ General fac i l i t i es  

Total -P1 a n t  direct 
+ Site development 
+ M i  scell aneous di  rect 

Total - Direct 
+ Field indirect 

Total - Field construction 
+ Engineering and home office 
+ Project management 
+ Owner's cost 

- .  

- 

Total -0epreciabl e capital 

+ Contingencies 

Total -Depreci ab1 e Capi t a l  
+ Land and other non- 

depreciable cap i t a l  
+ Uorking capital 
+ Start-up (opt iona l  1 

.+ Investment expense 

Grand t o t a l  - investment 

excluding contingency 



Table I1 

COMMODITY MATERIAL FACTORS - _  

Factors As Percent o f  Purchased Equipment Cost 
Equipment Category Concrete Steel Instrument- Total 
and Typdif needed) Foundation Piping Supports a t i on  Insu la t i on  E l e c t r i c a l  Paint ing Commod- 

i t i e s  
1 2 3 4 5 6 7 8 9 

Ag i ta to r  - 
Au t o c l  ave 6 

Bin, hopper 6 

81 ower 7.5 

Centr i fuge 9.5 

Compressor 6.5 

Conveyor 12.5 

Crane 10 

Crystal  1 i zer- 

Cycl olte 2 

Dryer 10 

Dust Col 1 ector 22 

Ejector  - 
E l e c t r o l y t i c  Cells '  6 

(Table continued on next page) 

See Evaporator 

- 
43 

- 
17 

25 

22 

- 
- 

9 

10 

9 

60 

12 

- 
4 

15 

- 
10 

8 

25 

30 

22 

10 

13 

5 

- 

4 

6 

5 

3.5 

'io 

7 

7.5 

3 

6 

9 

- 
2 

- 
5 

4 

- 
4.5 

3 

- 

10 

- 
10 

5 

- 

24 

5 

2 

34 

2? 

29.5 

20 

20 

47 

20 

36 

- 

1 

1 

1 

1 

1 

1 

1 

2 

1 

1 

1 

1 

- 

29 

70 

33 

63 

47 

77 

66 

62 

D 
I 
v 

94 

57 

100 

71 

20 



Table XI (continued) 

CaMMODITY MATERIAL FACTORS 

Equipment Category Concrete P ip ing  Steel Instrunent-  I n s u l a t i o n  E? e c t r i c a l  Pa in t i ng  Tota l  

i t i e s  
and Type( i f needed) Foundation Supports a t i o n  cornaod- 

1 2 3 4 5 6 7 8 9 

Evaporator 6.5 40.5 
(Concentrator o r  
c r y s t a l  1 i z e r )  

(Long tube o r  9 110 
fo rced c i  r c u l  a- 
t i on) 

Fan 10 - 
Feeder 5 - 
F i  1 t e r  (P1 ate and 4 31 

Frame) 

(Other) 14 60 

Heat  Exchanger 9 48 

Pump 5 32 

Screen 10 - 
Scrubber (Peabody, 7 11 

(High energy Venturi  1 35 9 

Croll-Reynolds, etc.  ) 

(Table continued on f o l l o w i n g  page) 

6.5  

1 

12.5 

20 

- 

15 

7 

- 
10 

6 

15 

12.5 

16 

2.5 

13 

- 

5 

8 

3 

8 

7 

10 

5 

- 

25 

25 

- 

10 

2 

33 

20 

6 

6 

1 

0 

1 

3 

1 

5 

1 

1 

1 

3 

1 

77 

139 

5 1  

66 

39 
P m 

109 

78 

74 

49 

40 

86 



Tab1 e I 1  (continued) 

COMMODITY MATERIAL FACTORS 

Equi pment Category Concrete P i  ping Steel Instrument- Insulation Electr ica l  Painting Total 

i t i e s  
and Type( i f  needed) Foundation Supports at ion Cornmod- 

1 2 3 4 5 6 / 8 9 

Tank 
(Atmospheric) 9 47 7 8 5 4 1 81 

(Pressure, 
horizontal ) 7 42 - 5 5 4 1 64 

(Pressure, 
u e r t i  c a l l  11 63 8 3 3 4 1 1% 

? 
io Thickener 15 29.5 9.5 2 .5  - 6.5 1 64 

Tower 12 54 9 11 9 5 2 102 

Weighing equi pment 4 - 4 - - 4 2 14 

'Electric consodity u t e r i a l  for e lec t ro ly t ic  c e l l s  i s  included i n  equipment. 



TABLE 111 - Installation Labor Factors 

Equipment 

TY Pe 

Category Specif i- 
a 

cation 

1 2 

Agitator Turbine or 
propeller, 
SS or 
rubber- 
lined CS 

Autoclave -- 
Bin, hopper -- 
Blower Rotary 

Centrifuge -- 
Compressor -- 
Conveyor Belt or 

screw 

-- b 
Crane 

Crystal- ss 
lizer 

1980 Gulf Coast 
Labor Hour Factor For: 
Equip. Commo- Comma- 

Setting d i t i e s  dities 
In Man-Hours/$lOO of: 

Equip- Equip- C O ~ .  
ment ment Matl. 

3 4 5 

0.7 

0.4 

0.3 

0.2 

0.6 

0.2 

0.9 

0 

0.4 

1.4 

2.8 

1.4 

2.6 

3.5 

2.9 

4 . 4  

3 .6  

3.4 

(more) 

4 . 9  

4.0 

4.2 

4.1 

4.0 

3.8 

6.7 

5 . 9  

4.4 

1975 Southern California 
Labor Dollar Factor For: 
Equip. carmpo- coprao- 

Settrng ditiea d i t t - ? ~ l  

In X Based on $'s of: 
Equip- Equip- Corn. 
men t men t natl. 

6 7 8 

83 
--I 

12 24 
0 

?' 

8 48 69 

6 

4 

12 

5 

17 

0 

8 

22 67 

40 63 

57 66 

56 73 

70 106 

57 92 

57 74 

1 



a 

T U L E  X I 1  - I n s t a l l a t i o n  Labor Fac to r s  (cont inued)  

1 2 

- 

3 4 5 6 7 8 

Cyclone __ 0.5 3.0 3.2 

Dryer Rotary 0.7 5.7 10.0 

h B t  Bag house 
C o l l e c t o r  0.4 6.3 6.3 

E j e c t o r  . ss 0.1  7.3 10.3 

Elec t ro-  Lined 
l y t i c  cell conc re t e  

Evaporator Concentrator ,  
brick l i n e d  
Long tube o r  
forced  c i r cu -  
lation 

0.6 0.6 3.1 

0 . 3  2 . 9  3 . 8  

0.5 10.3 7.5 

Fan -- 0.6 2.3  4.6 

Peeder  Rotary cup, 
SS w e t  p a r t s  
Rotary vane, 
SS w e t  p a r t s  
Vibrating pan, 
SS w e t  p a r t s  

Filter P l a t e  6 frame 

Rotary drum 

Heat Fixed tube 
Exchanger s h e e t ,  CS/SS 

P l a t e ,  SS 
S h e l l  6 Tube, CS 
S h e l l  & Tube, SS 

Page 2 

0.5 2.9 4.4 

1.1 3.8 5.7 

0.4 3.0 4.6 

0.2 1 .o 2.6 
0.6 1.0 0.9 

0.1 3.1 4 .O 

0.6 2.9 3.8 

0.1 4.9  6.2 

0.1  2.9 3.7 

9 

1 5  

8 

2 

12 

6 

10 

1 2  

9 

20 

7 

4 
1 2  

1 

13 

1 2  

1 

51 

90 

101 

126 

9 

50 

178 

37 

47 

61 

49 

17 
17 

53 

50 

79 

49 

54 

158 

101 

1 7 7  

45 

65 

128 7 
-I 
-.I 

73 

7 1  

92 

74 

44 
1 6  

68 

64 
100 

67 



Table 1x1 - Installation Labor Factors (continued) Page 3 

1 2 

~- ~ 

3 4 5 6 7 8 

0.6 
0.5 

1.1 

0.6 

0.6 

1.1 

1.0 

0.6 

0.5 

0.2 

0.1 

0 . 5  

0.3 

0.2 

6.9 

0 . 5  

0.6 

Centrifugal 

Gear 

Metering 
Positive 
d i s pl acemen t 
Rotary 

3.0 
3.0 

3.7 

2.7 

3.0 

3.7 

3.9 

2.2 

2.2 

4.1 

4.2 

4.3 

3.1 

3.1 

3.3 

4.6 

4.1 

(more) 
4 

4.1 
4.0 

5.0 

3.7 

4.0 

5 .O 

7.9 

4.6 

5 . 5  

5 . 0  

4.0 

5.3 

3.9 

3 .9  

5.1 

4 . 6  

29 .0  

12 
10 

21 

58 78 

57 77 

71 96 

b 

12 52 70 

13 57 77 

Vertical sump 21 71 96 

Screen 

Scrubber 

Tank 

Stationary 

Vibrating 
17 
11 

61 124 
35 71 

P 
34 8s:  Peabody, Croll- 

Reynolds, etc. 10 

Agitated 
d 

Process, SS, 
vert i cal 

Process, 
1 ined concrete 
Storage, CS, 
horizontal 
Storage, CS, 
l arge  verticale 

5 

2 

69 85 

71 67 

9 73 90 

7 52 64 

5 52 64 

Thickener 

Tower 

Weighing 
Equipment 

i 

132 

11 

52 81 

78 76 

-- 
Tray of packed 

Scale 10 61 4 36 



Table 111 - Installation Labor Factors (continued) 

a If not indicated otherwise, material of construction is carbon steel (CS). 

Setting cost  is included in equipment cost. 

Electric labor is included in equipment setting. 

For CS, use horizontal storage tank data' with increased instrumentation. 

e For tanks below 10,000 gal, use horizontal tank data. 

( 

Page 4 

P 
4 

w 
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Table IV - Wage Rates and Cost Indices 
t 

Construction labor cost  index is 166 and 200 for May 1975 and June 1980, respectively. 

Equipment and Material Type 
.Wage Rate,* Material Cost Index** 
$/man-hr May ' 7 5  June '80 ' 

Fabricated Equipment 191 291 

10.30 Autoclave, bin, crystallizer, cyclone, 

Ejector, scrubber, heat exchanger 10.60 
dust collector, evaporator, tank, tower 

Process Machinerv 

Agitator, feeder, screen, weighing 

Centrifuge, dryer, filter 
Conveyor, thickener 

equipment 

.. 

Pumping Equipment 

Blower, fan 
Compressor, pump 

Electrical Equiprent 

Electrolytic cell 

Commodities 

Concrete foundations 
Piping, valves, and fittings 
Steel supports 
Instrumentaticn 
Electricals 

* Southern California, May 1975 
** Chemical Engineering Magazine 

9.10 

10.30 

10.10 

10.30 
9.10 

10.40 

7.10 
9.00 
8.10 
9.00 

8.90 

183 

206 

142 

176 
217 
196 
179 
142 

2 7 2  

3 32 

2 37 

329 
2 9 8  

2 4 7  

205 

205 
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Table V 
W 

INDIRECT AND MISCELLANEOUS D I R E C T  FACTORS 

Base - Cost I tem 

Fie1 d personnel * Total D i r e c t  

Dipect Labor 

Other F i e l d  Ind i rec t *  Total D i r e c t  

D i r e c t  Labor 

Engineering and Home File1 d Construction 
O f f i c e  

P ro jec t  Management F i  e l  d Constructi  on 

Owner's Cost F i e l d  Construction 

Freight** Plant D i r e c t  

Other M i  scel 1 aneous P lan t  D i r e c t  
Direct** 

Percent 

Range Average 

4-21 14 

30-270 73 

7-44 21 

8-330 112 

3-31 13 

2-20 6 

0-5 4 

4- 10 7 

1-11 6 

*Subitem of f i e l d  i n d i r e c t  cost, see Table 1. 

**Subitem o f  miscellaneous d l r e c t  cost, see Table I. 

. 
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EXHIBIT I -- DEFINITIONS OF SOME COST ITEMS 

PURCHASED EQUIPMENT COST 

FOB manufacturer, i .e., excluding freight. 

COMMODITIES 

Concrete foundations, steel supports, p i p i n g  i n c l u d i n g  valves and f i t t ings,  

electrical s including panels, instrumentation inc lud ing  panels, in su la t ion ,  

p a i n t i n g ,  and miscellaneous (e.g., ind iv idua l  equipment f i re  protection). 

UTIL IT1 ES 

Electric power, fuels, process and cooling water, steam, p lan t  a i r ,  heat ing 

and cooling fluids (such as brine or dowtherm), etc. 
c 

UTILITY SUPPLY 

Fac i l i t y  fo r  util i t y  generation, regeneration or receiving ''across the 

fence." E.g., power p lan t  and/or main transformer; water treatment p lan t  and 

cool ing  tower;. a i r  compressor s ta t ion .  

UTILITY DISTRIBUTION 

Power 1 ines and pipe1 f nes between u t i l  i t y  supply facil i t y  and consumption 

areas i ncl ud ing  substations, pressure reduction stations, etc., b u t  excluding 
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I (Continued) 
I 

connections t o  equipment u n i t s .  

GENERAL FACILITIES 

Maintenance shops; warehouses; rece iv ing  storage and shiFping f a c i l  i t i e s  1; 

c e n t r a l  con t ro l  rooms; garages; admin is t ra t ive bui ld ings;  c a f e t e r i a s  and 

change houses; f i r s t - a i d  s ta t i ons ;  waste disposal f a c i l i t i e s  2; general f i r e  

p r o t e c t i o n  systems 3; 1 aborator ies;  c m n i c a t i o n  systems 3; computer 

f a c i l i t i e s  3; etc.  

SITE DEVELOPMENT 

S i t e  cleaning; earthwork dredging and p i l i n g ;  landscaping; fences; roads, 

t rades and walkways; sewers; parking and other paved areas; ya rd  l i g h t i n g ;  

etc.  

A1 t e r n a t i  ve ly  considered p a r t  o f  process sections. 

A1 t e r n a t i v e l y  considered process sect ions (e.g., SO2 scrubbing), u t i l i t i e s  
(e.g., waste water treatment f o r  possible r e c i r c u l a t i o n )  , s i t e  development 
(e .g. ,  t a i l i n g s  ponds, wharfs) o r  serv ice systems3 (blow down l i n e s  and 
stacks. 

A1 t e r n a t i v e l y  combined w i t h  u t i 1  i t y  d i s t r i b u t i o n  i n t o  "service systems." 
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EXHIBIT I (Contintied) 

CONTINGENCIES 

It i s  convenient t o  dist inguish process contingency from d e f i n i t i o n  

contingency . The former expresses uncertaint ies i n  technol ogy whi 1 e the 

1 a t t e r  r e f e r s  t o  potent ia l  problems of  trans1 a t i  ng technol ogy i nto hardware 

and unexpected events during construction. 

OTHER TERMS 

For miscellaneous d i r e c t ,  f i e l d  i n d i r e c t ,  and engineering and home o f f i c e  see 

E x h i b i t  11. 



ITEM 

INDIRECTS 

Y 

EXHIB IT  I1 -- Sheet 1 

INDIRECT AND MISCELLANEOUS DIRECT COST DISTRIBUTION 

TEMPROARY CONSTRUCTION* 
BUILDINGS & UTILITIES 
ROADS 
FENCES 
RENTALS (TRAILERS, TOILETS, ETC) 

FIRST AID & SAFETY 
POWER C UTILITY BILLS 
WEATHER PROTECTION 

UNALLOCABLE EQUIPMENT & TOOLS 
RENTAL CONSTRUCTION EQUIP.* 
PIJRCHASED CONSTRUCTION FQWIP. * 
SUBT. - CONSTRUCTION EQUIP. 

SMALL TOOLS 
CONSTRUCTION CONSUMABLES 
TRANSPORTATION & HANDLING 

UNALLOCABLE LABOR 

Process Industry Samples Nuclear Ind. 

1 2  3 4 5 6 7 8 9 1 0 1 1 1 2 1 3 1 4  
Samples 

X 

X 
X X 

X 

x x x  

x X x 

x x  

X 
x x  X 

X 

X 

* ERECTXON (OR RENTAL), AND MAINTENANCE COST (IF APPLICABLE) 



,FIELD NON-MANUAL PAYROLL 
CLERICAL 
ENGINEERING 
SUBT-FIELD STAFF 

SUPERVISION 

FRINGE BENEFITS 
SOCIAL SECURITY 
UNEMPLOYMENT INSURANCE 
WORKMEN'S COMPENSATION 
HEALTH INSURANCE 
OTHER 

SUBT.-PAYROLL INS. ti TAXES 
PREMIUMS (OVERTIME, ETC. ) 
HOLIDAYS 
VACATION 
SICK TIME 
OTHER NON-PRODUCTIVE 
SUBT.-NON-PROD. PAYROLL 

* FOR CRAFT LABOR ONLY. 

EXhISIT 11 -- Sheet 2 

1 2  3 4 5 6 7 8 9 1 0 1 1 1 2 1 3 1 4  

X C* 

X C* 

x 
X 

P 
N 
0 



I 

EXHIBIT I1 -- Sheet  3 

1 2  3 4 5 6 7 8 9 1 0 1 1 1 2 1 3 1 4  

MISCEL. FIELD EXPENSE 
NON-PAYROLL TAXES 
NON-PAYROLL INSURANCE 
SUBT. -TAXES & INSURANCE 

TRAVEL & SUBSISTENCE 
MOVING & RELOCATION 
PERSONNEL TRANSPORTATION 

SUBT.-PERSONNEL RELATED 
TESTING 
VENDOR TECHNICIANS 
OUTSIDE ENGINEERING 
OFFSITE STORAGE 

SUBT.-FIELD SERVICES 
TELECOMMUNICATIONS 
POSTAGE 
COHPUTER USE 
OTHER OFFICE EXPENSE 
SUBT.-OFFICE EXPENSES 

GUARDS & SECURITY 
COMPANY CHARGES 

X X 
X 

X C* 

C* 

X X 
X 

X 
X 

x 

X 
X X 

x x  
X 

x 

X 
X 

X 
X 

X 

X 



EXHIBIT I 1  -- Sheet 4 

FIELD INDIRECTS SUMMARY 

GUARDS & SECURITY A 

B 
BURDEN C=A+i3 

OFFICE EXPENSE 

FIELD SERVICES D 

PERSONNEL RELATED F 

NON-PAYROLL TAXES & I N S U R .  G 
COMPANY CHARGES H 

BURDEN & SERVICES E=C+D 

MISC. FIELD EXPSE. I=E+F+G+H 

J 
OVERHEAD K=F+G+J 

FRINGES & MISCEL. L = I + J  

FRINGE BENEFITS 

FIELD STAFF (NON-SUPERV.) M 
SUPERVISION N 

NON-MANUAL O=M+N 

FIELD ADMIN.  P=E+O 

Q 
FIELD PERSONNEL R=M+Q 

S 

T 
FIELD EXPSE. U=C+G+II+O+Q+S+T 

F I E L D  INDIRECTS V=U+D+F+J 

UNALLOCABLE LABOR 

UNALLOCABLE EQUIP. & TOOLS 

TEMPORARY CONSTRUCTION 

a .  

1 2  3 4 5 6 7 8 9 1 0 1 1 1 2 1 3 1 4  

X 

X 
X 

X 

X 
X X 

X 

x x  
X 

X 
x x  X 

X 
X X 

x x x x  
X 

X 
C* 

x x  

X 
X 

X 

, I  
x x x  
x x x  

? 
N 
N 



EXHIBIT I1 -7 S h e e t  5 

1 2  3 4 5 6 7 8 9 1 0 1 1 1 2 1 3 1 4  

X x x  
X 

ENGINEERING 

PAYROLL & FRINGES* A 

MATLS. 61 OUTSIDE SERVICES B 

PERSON. RELATED h OFFICE EXPSE. *C X 
SUBT. -"DIRECT" D=A+B X 
SUBT.-MISCEL. E=BtC X 

PROCUREMENT F X 

OTHER HOM3.OFFICE DEPTS 

PAYROLL h FRINGES* G X 

PERSON.RELATED & OFFICE EXPSE* H X 
OTHER CONTRACT COST I x x 

SWBT. -"DIRECT" J = G t  I 
SWBT. -MISCEL, K = H t I  

SUBT. -ADMIN . L = G t I  X 

ENGINEERING & HOME OFFICE SUMMARY 

"DIRECT" M=D+F t J 

OVERHEAD N=C+H 

TOTAL O=MtN 

X 
X 

P 
N 
w 

* FOR BREAKDOWN OF FRINGES,PERSONNEL RELATED AND OFFICE EXPENSE, SEE FRINGE BENEFITS 
I '  AND MISCELLANEOUS FIELD EXPENSE ABOVE. 

I .  



EXHIBIT I1 -- Sheet 6 

SUMMARY O F  I N D I R E C T S  

F I E L D  I N D I R E C T S  

EXCLUDING S U P E R V I S I O N  

INCLUDING FREIGHT 

S U P E R V I S I O N  

PROCUREMENT 

SUPERV.  & PROCUREMENT 

FREIGHT 

PROJECT MGMT. INCLUDING F E E  

BOND 

START-UP 

OWNER ' COST 

ENGINEERING ti HOME O F F I C E  

E X C L  PROCUREMENT, I N C L .  F E E  

INDLUDING F E E  

TOTAL I N D I R E C T S  

EXCLUDING FREIGHT 

1 2  3 4 5 6 7 8 9 1 0 1 1 1 2 1 3 1 4  

X x x  
X 

X 
X 

X 

x x x x  x x  
X 

X X X 

X 

x x  
X X 

X 



N 1 

ITEM 

MISCELLANEOUS DIRECT 

CRAFT RELATED (SEE ALSO INDIR.) 
PAYROLL INSURANCE & TAXES* 
NON-PRODUCTIVE PAYROLL* 

SUBT.-FRINGE BENEFITS 
TiUVEL & SUBSISTENCE 
COMMOD. & S/C LABOR ADJUST. 

FREIGHT 

TESTING 

QUALITY ASSURANCE 

NON-PAYROLL TAXES 

EXHIBIT.11 -- Sheet  7 

PROCESS INDUSTRY SAMPLES NUCLEAR IND. 

1 2  3 4 5 6 7 8 9 1 0 1 1 1 2 1 3 1 4  
SAMPLES 

X X 
x 

x 
ii 

X 

X 

X 

x 

START-UP X X X 

OTHER DIRECT 
SPARE PARTS 
INITIAL OPER. SUPPLIES 
DEMOLITION 6 DISMANTLING 
SOIL 6 WATER INVESTMENT 

* FOR BREAKDOWN, SEE INDIRECTS 

X 

X 





RAPID CAPITAL ESTIMArICtN RASED ON PROCESS MODULES 

Ivan  V. Klumpar, Ritzhard F. Brown, and J8rg-W. Promme 
Massachuse t t s  I n s t i t u t e  (if Technology, Cambridge, MA 

Paper  t o  be Imesented a t  t h e  
1983 Annual Meeting of t h e  American A s s o c i a t i o n  of Cost Engineers  

R e v i e w  and Improvement of  Exis t i r ig  Methods 

There is  a g r e a t  need f o r  approximate c a p i t a l  cos: e s t i m a t e s  of  

p r o c e s s i n p  p l a n t s  based on block diagrams and d e s c r i p t i o n s  t h a t  d e f i n e  

t h e  u n i t  o p e r a t i o n s  b u t  do not s l ’ e c l f y  a l l  equipment.  A c a s e  i n  p o i n t  i s  

c o s t  and p r o f i t a b i l i t y  eval .uat ions a t  e a r l y  s t a g e s  of an  R&D p r o j e c t  

when n o t  enough p r o c e s s  d a t a  a r e  a v a i l a b l e .  Another example i s  economic 

a n a l y s e s  t h a t  i n c l u d e  a proc.ess o r  s e v e r a l  p r o c e s s e s  as an element n o t  

r e q u i r i n g  a d e t a i l e d  f lowsheet  amid p r o c e s s  d e s i g n  because  t h e  t i m e  

a v a i l a b l e  o r  accuracy  of o t h e r  e lements  do n o t  warran t  t h e  e f f o r t .  A s  

a matter of f a c t ,  q u i c k  low-accuracy estimates of  5 30% and up p l a y  an  

impor tan t  r o l e  i n  c o s t  engine6 r i n g ,  a l t h o u g h  it i s  n o t  r e a d i l y  

admit  t ed . 
Several methods have been proposed f o r  t h e s e  t y p e s  o f  approximate 

esti-mates [l, 2 ,  3 ,  4 ,  5 ,  6 ,  71. I n  essence, t h e y  de termine  

inves tment ,  I , as a f u n c t i o n  o f  p l a n t  c a p a c i t y ,  t e m p e r a t u r e ,  p r e s s u r e ,  

material of c o n s t r u c t i o n ,  and t h e  number of p r o c e s s  modules t h a t  c o n s t i -  

t u t e  t h e  p r o c e s s .  The l a t t e r  v a r i a b l e  i s  a s p e c i f i c a l l y  d e f i n e d  group 

of equipment. A d d i t i o n a l  parameters  were a l s o  i n t r o d u c e d .  I n  mathematical  

form, 

I = f (K,  t ,  p ,  M ,  N ,  A) 

Symbols are  l i s t e d  a t  t h e  end. 
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Table  I summarizes t h e  main f e a t u r e s  of t h e  p u b l i s h e d  methods. 

While a l l  of them were proposed i n  t h e  form of  a l g e b r a i c  e q u a t i o n s ,  

c e r t a i n  v a r i a b l e s  are d e f i n e d  by graphs  o r  t a b l e s  by some a u t h o r s .  It 

can b e  seen  t h a i ,  f o r  c a p a c i t y ,  t e m p e r a t u r e ,  p r e s s u r e ,  and m a t e r i a l  

o f  c o n s t r u c t i o n ,  e i t h e r  a v a l u e  s p e c i f i c  f o r  t h e  p r o c e s s  o r  a weighted 

average  i s  used. The s p e c i f i c  v a l u e  may b e  product  f l o w r a t e ,  maximum 

tempera ture  o r  ? r e s s u r e ,  and an o v e r a l l  r a t i n g  of  material c o n s t r u c t i o n .  

Averaging is  based on stream f l o w r a t e s ,  number o f  p r o c e s s  modules,  o r  a 

combinat ion o f  v a r i a b l e s .  F lowra tes  are expressed  i n  mass, volume, o r  

moles.  

What makes t h i s  t y p e  of approximate c a p i t a l  c o s t  e s t i m a t i n g  unique 

i s  t h e  concept  of  c h a r a c t e r i z i n g  t h e  p r o c e s s  by t h e  number of  normal ized  

modules. Most a u t h o r s  u s e  Zevnick 's  and Buchanan's [l] " f u n c t i o n a l  

u n i t s "  t h a t  roughly  cor respond t o  t h e  t r a d i t i o n a l  u n i t  o p e r a t i o n s  of  

Chemical Engineer ing .  Other  a u t h o r s  u s e  p r o c e s s  " s t e p s "  based on pro- 

cess chemis t ry  o r  " b a s i c  items" t h a t  r e p r e s e n t  major  equipment such as 

columns and s t o r a g e  t a n k s  w h i l e  n e g l e c t i n g  minor u n i t s  such as pumps 

and head t a n k s .  

The 'hodule  concept!'makes t h e  methods a p p a r e n t l y  g e n e r a l  and easy  

t o  u s e  b u t  i n t r o d u c e s  a fundamental  u n c e r t a i n t y .  Zevnick and Ruchanan 

d e f i n e  t h e i r  f m c t i o n a l  u n i t s  o n l y  by way o f  examples.  The breakdown 

of t h e  p r o c e s s  i n t o  modules r e q u i r e s  e x p e r i e n c e  and makes t h e  technique  

r a t h e r  s u b j e c t i v e .  T a y l o r ' s  [ 6 ]  chemical  s t e p s  may c o n s i d e r a b l y  v a r y  

i n  t h e  number a d  t y p e  of equipment t h a t  t h e y  i n c l u d e .  A l l e n ' s  and 

l 'age's [ 4 ]  b a s i c  i t e m s  a r e  f a r  less c o n t r o v e r s i a l  b u t ,  t o  a c e r t a i n  

depree ,  d e f e a t  t h e  purpose of t h e  method because they  r e q u i r e  develop- 

i n p  a f lowsheer  and s e l e c t i n g  equipment. 

. 

. 

- 
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I 

Another problem oE t h e  module concept is  t h a t  s imple  c o u n t i n g  of  

modules does n o t  account  f o r  t h e  v a r y i n g  c o m p l e x i t i e s  o f  p r o c e s s e s  and 

t h e  d i f f e r e n c e s  i n  t h e  equipment u s e d .  Most o f  t h e  a u t h o r s  t r y  t o  

r e s o l v e  t h e  complexi ty  i s s u e  by i n t r o d u c i n g  a d d i t i o n a l  parameters  1 i s t e d  

i n  t h e  l a s t  column of  Table  C, but  on ly  Al len  and Page have cons idered  

t h e  e f f e c t  o f  d i f f e r e n t  equi->ment t y p e s .  The problem w i t h  t h e  more 

s o p h i s t i c a t e d  improvements o f  t h e  s imple  Zevnick-Buchanan method is that-  

t h e y  r e q u i r e  more informatio.1 on t h e  p r o c e s s  and are m 3 r e  t i m e  consuming. 

A l l  p u b l i s h e d  methods h w e  a common d i s a d v a n t a g e  -in t h a t  t h e y  were 

t e s t e d  f o r  a r e l a t i v e l y  n a r r i w  range of c a p a c i t i e s  and l i m i t e d  segment 

of t h e  p r o c e s s  i n d u s t r i e s .  Yost methods apply  t o  t h e  petroleum and 

chemical  i n d u s t r i e s .  B r i d g d a t e r ' s  [ 5 I s p e c i a l i z a t i o n  i n  metal e x t r a c -  

t i o n  p r o c e s s e s  i s  unique.  T 7 e  l i m i t a t i o n  t o  a narrow c a p a c i t y  range  

and a s p e c i f i c  class of  p r o c e s s e s  e x p l a i n s  t h e  s u r p r i s i n g l y  h iFh  

a c c u r a c i e s  c la imed by t h e  a u t h c r s ,  i n  one c a s e  as f a v o r a b l e  as k 1 5 % .  

The p r e s e n t  s t u d y  had t h e  fol.lowing o b j e c t i v e s :  

e Define  t h e  p r o c e s s  mod1 l e s  prec: isely . 
0 Develop a quick  and s imple  method t h a t  r e q u i r e s  minimum 

p r o c e s s  d a t a .  

0 Make t h e  method a p p l i c a b l e  t o  a wide range  of  p r o c e s s  

i n d u s t r i e s  and p l a n t  c a p a c i t i e s ,  b u t  p a r t i c u l e r l y  t o  t h e  

i n s u f f i c i e n t l y  covered area of s o l i d s  p r o c e s s i n g  such as o r e  

and c o a l  b e n e f i c i a t i o n ,  c o a l  and o i l  s h a l e  corwers ion ,  and 

extract ive m e t a l l u r g y .  

The s t u d y  is d i s c u s s e d  i n  t h e  subsequent  s e c t i o n s .  

found e l sewhere  [ 81 . 
Details can b e  
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P r o c e s s  Module !)ef i n i t i o n s  - 
Eleven t y p e s  of p r o c e s s  modules a r e  d e f i n e d  i n  t h i s  s t u d y  based on 

t h e  change of a major  parameter .  

t o  s t o r a g e .  Thz twelve p r o c e s s  module t y p e s  a r e  c h a r a c t e r i z e d  i n  Table  T I .  

An a d d i t i o n a l  module t y p e  i s  a s s i g n e d  

A s  a r u l e ,  a module i n c l u d e s  a main p i e c e  of equipment such  as absorp-  

t i o n  column and a u x i l i a r y  u n i t s  such as pumps, t a n k s  and h e a t  exchangers .  

However, t h e  parameter  change a l o n e  i s  n o t  s u f f i c i e n t  f o r  a p r e c i s e  module 

d e f i n i t i o n .  While i t  may exclude some a u x i l i a r y  equipment u n i t s ,  i t  

needs a d d i t i o n a l  convent ions  t o  d i s t i n g u i s h  between s i n g l e  and m u l t i p l e  

u n i t s  as w e l l  as small  and l a r g e  eouipment such as t a n k s  o r  conveyors.  

An a d d i t i o n a l  problem i s  o v e r l a p p i n g  i n  o p e r a t i o n s  and equipmcnt. For 

example, phase change o p e r a t i o n s  such as e v a p o r a t i o n  are  almost  always 

accompanied by h e a t  exchange, and columns and s t i r r e d  t a n k s  a r e  i n c l u d e d  

i n  Type 9 ,  11, and 1 2  modules. 

The f o l l o w i n g  r u l e s  have been developed t o  a v o i d  ambigui ty  i n  

module d e f i n i t i o n s  w i t h  Table  I1 used t o  e s t a b l i s h  a h i e r a r c h y  of 

modules : 

0 A p i e c e  o r  group of equipment i s  a s s i g n e d  a module t y p e  

number accord ing  t o  t h e  h i g h e s t  parameter  b e i n g  changed. For 

example, l e a c h i n g  due t o  a chemical  r e a c t i o n  i s  Type 1 2 ,  w h i l e  

l e a c h i c g  caused by select ive p h y s i c a l  d i s s o l u t i o n  of  a m i n e r a l  

component i s  Type 11. The d i s s o l u t i o n  of  a p u r e  s u b s t a n c e  i s  

c l a s s i f i e d  as Type 9.  

e A h e a t  exchanger  i s  cons idered  p a r i  of a h i g h e r  r a n k i n g  

module i f  one of i t s  streams i s  f u l l y  a s s o c i a t e d  w i t h  t h a t  

module, and t h e  o t h e r  stream is a u t i l i t y  stream o r  a p r o c e s s  

stream a s s o c i a t e d  w i t h  t h e  same module a t  least  p a r t i a l l y .  
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n 

c 

- 

A stream i s  f u l l y  assoc:.ated w i t h  a module i f  i t  f lows from 

and t o  i t ,  w h i l e  i t  is p a r t i a l l v  a s s o c i a t e d  w i t h  a module i f  

o n l y  i t s  o r i g i n  o r  d e s t h a t i o n  is t h a t  module. 

water cooled absorber  t c o o l e r  of an  a b s o r p t i o n  tower o r  a d i s t i l l a t i o n  

column r e f l u x  condenser  t h a t  exhanges h e a t  w i t h  co ld  column f e e d .  

A h e a t  exchanger  i s  con:;idered a Type 1 module i f  i t  i s  

between o t h e r  indeper.dent modules, i - e . ,  i f  each of i t s  

streams i s  f u l l y  o r  par r i a l l y  a s s o c i a t e d  w i t h  a n o t h e r  h i r , h t r  

r a n k i n g  module. 

p roduct  t o  b e  s e p a r a t e d  i n  a d l s t i l l a t i o n  column. 

The material  handl ing  m3dules o f  Type 3 may i n c l u d e  s e v e r a l  

p i e c e s  of equipment --n a s t r a i g h t  p a t h ,  such  as a b i n ,  f e e d e r ,  

and several conveyor:; c o n s t i t u t  i n e  a t r a n s p o r t  system. 

a branched system ha:; t o  b e  broken down i n t o  two o r  more 

s t r a i g h t  series. Al: ;o ,  f i x e d  t r a n s p o r t  modules of t h e  b i n -  

feeder-conveyor v a r i e t y  have t o  be c l a s s i f i e d  s e p a r a t e l y  

from mobile  systems such a s  t r u c k  f l e e t s .  

Systems of t a n k s  and pumps w i t h  more t h a n  one i n l e t  and more 

than  one o u t l e t  streams are c o n s i d e r e d  independent  Type 4 

modules. Other  equipment o f  t h a t  t y p e  is i n c l u d e d  w i t h  an 

a d j a c e n t  module. Details  are d i s c u s s e d  e l sewhere  [8]. 

Tanks, s i l o s ,  b i n s ,  and hoppers  f o r  t h e  s t o r a g e  of a raw 

material, p r o d u c t ,  o r  a group of a u x i l i a r y  p r o c e s s  materials 

c o n s t i t u t e  s e p a r a t e  Type 8 modules. 

from s u r g e  vessels such as hold-up o r  head t a n k s ,  and day b i n s  

o r  f e e d  hoppers ,  which are combined w i t h  the  a d j a c e n t  module 

t h a t  [hey  serve. Surgc  vessels f o r  raw mater"als, producbts ,  

Examples are a 

An csxanple i s  a water c o o l e r  of a r e a c t o r  

However, 

They have t o  b e  d i s t i n g u i s h e d  
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and a u x i l i a r y  p r o c e s s  materials, i f  used,  o b v i o u s l y  have 

smaller volumes t h a n  t h e i r  s t o r a g e  c o u n t e r p a r t s .  A l l  i n t e r -  

media te  product  t a n k s ,  b i n s ,  and hoppers  a re ,  as a r u l e ,  

c l a s s i f i e d  as as s u r g e  vessels r a t h e r  t h a n  Type 8 s t o r a g e  

modules. An e x c e p t i o n  might b e  s t o r a g e  between p l a n t  s e c t i o n s  

w i t h  a hcld-up of  more t h a n  a day.  

0 P a r a l l e l  u n i t s  performing t h e  same o p e r a t i o n  l i s t e d  i n  Table  I1 

are cons idered  a s i n g l e  module. For  example, two t r a i n s  each 

i n c l u d i n g  a s t i r r e d  t a n k  r e a c t o r ,  f i l t e r ,  and l i q u i d - l i q u i d  

e x t r a c t i o n  column w i t h  all t h e  r e q u i r e d  pumps, s u r g e  t a n k s ,  

and a s-ingle f i l t e r  cake  conveyor c o n s t i t u t e  t h r e e  modules 

(Types :!-2, 9 ,  and 11, r e s p e c t i v e l y ) .  

0 A m u l t i s t a g e  system performing one Table  I1 o p e r a t i o n ,  such as 

a cascade  o f  l e a c h  t a n k s ,  i s  c o n s i d e r e d  a s i n g l e  module. On 

t h e  o t h e r  hand, i f  two o r  more o p e r a t i o n s  are involved  i n  each 

s t a g e ,  e v e r y  o p e r a t i o n  i n  each s t a g e  i s  a module. For  example, 

a f o u r - s t a g e  c o u n t e r c u r r e n t  d e c a n t a t i o n  system t h a t  i n c l u d e s  

a s t i r r e d  tank  and t h i c k e n e r  i n  each s t a g e  c o n s t i t u t e s  e i g h t  

modules, t o t a l .  

Data Sources  afid C o r r e l a t i o n s  - -- 

Twenty p l a n t s  l i s t e d  i n  Table  I11 were s e l e c t e d  f o r  t h i s  s t u d y .  

T t  w a s  a t tempted  t o  cover  p r o c e s s e s  i n v o l v i n g  s o l i d s ,  l i q u i d s ,  and 

gases, and t h e  combinat ion of t h e s e  phases  w i t h  a n  emphasis on t h e  

e x t r a c t i o n  of n a t u r a l  r e s o u r c e s  and r e l a t e d  t e c h n o l o g i e s .  For each 

p l a n t  a complete  e n g i n e e r i n g  documentation w a s  a v a i l a b l e  c o n s i s t i n g  o f  

d e t a i l e d  f l o w s h e e t s ,  a p r o c e s s  d e s c r i p t i o n ,  equipment s p e c i f i c a t i o n s ,  
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and c o s t s  based on q u o t a t i o n s ,  and a n  i t e m i z e d  p l a n t  c o s t  estimate. 

The l a t t e r  i n c l u d e d  i n s t a l l a t i o n  inaterial and l a b o r ,  b u i l d i n g s ,  and 

o t h e r  d i r e c t  b a t t e r y  l i m f t s  c o ~ t .  The twenty documentat ion packages 

were prepared  by v a r i o u s  r e p u t a b l ?  e n g i n e e r i n g  companies. 

range  of c a p a c i t i e s  and o t h e r  Iiarsmeters were covered;  see Table  I V .  

I t  i s  b e l i e v e d  t h a t  t h e  c a p s c i t y  2nd c o s t  ranges  are wider  than  t h o s e  

i n  t h e  l i t e r a t u r e .  

A wide 

P u b l i s h e d  s t u d i e s  i n d i c a t v  t h a t ,  i n  a d d i t i o n  t o  t le number of  

p r o c e s s  modules, p l a n t  c o s t  is most s e n s i t i v e  t o  c a p a c i t y .  Accord ingly ,  

s p e c i a l  c o n s i d e r a t i o n  w a s  p i v e i i  t o  t h e  measuring of p l a n t  c a p a c i t y  in  

t h i s  s t u d y .  Both volumetric: and mass f l o w r a t e s  were used f o r  t h i s  

purpose.  Molar f l o w r a t e  w a s  r u l e d  ou t  because of  t h e  d i f f i c u l t y  of  

e s t a b l i s h i n g  a v e r a g e  molecul.ar weights  of such n a t u r a l  m a t e r i a l s  as c o a l  

o r  o r e .  A s  mass f l o w r a t e  has  z iven b e t t e r  c o r r e l a t i o n s ,  v o l u m e t r i c  

f l o w r a t e  won't  be d i s c u s s e d  h e r e .  B a n t  c a p a c i t y  i s  expressed  i n  terms 

of average  throughput ,  i . e . ,  tqe sum of  a l l  module throughputs  d i v i d e d  

by t h e  number of modules. The mcdule throughput ,  i n  t u r n ,  is  t h e  sum 

of t h e  i n d i v i d u a l  f l o w r a t e s  of  a l l  modulcb i n l e t  and o u t l e t  streams 

d i v i d e d  by two. U t i l i t y  streams are n o t  counted,  e x c e p t  f o r  Type 1 

modules. The advantage  of t h i s  a v e r a g i n g  method is  i t s  s i m p l i c i t y  and 

a p p l i c a b i l i t y  t o  p r o c e s s e s  w i t h  g r e a t  d i f f e r e n c e s  i n  raw material and 

product  f l o w r a t e s ,  w i t h  l a r g e  r e c y c l e s  o r  w i t h  a product  t h a t  cannot  

b e  measured i n  terms of  f l o w r a t e .  The l a t t e r  case is  r e p r e s e n t e d  by 

n u c l e a r  power p l a n t s .  An example of a p r o c e s s  w i t h  a l a r g e  raw material 

t o  1)roducL r a t  I o  i s  t l i c  mining and e x t r a c t i o n  of  copper .  Anothcr ndvnn- 

cage of t h e  t h r o u g h p u t  a v e r a g i n g  method i s  t h a t  i t  can b e  used even if 

a few minor nodule  i n l e t  and nut:.et f l o w r a t e s  are  n o t  known. The e r r o r  

caused by the  omission of suck SIrearnms i s  i n s i g n i f i c a n t  i n  most c a s e s .  
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I n  some cases, approximate estimates of  minor stream f l o w r a t e s  

s u f f i c e .  

B a t t e r y  l i m i t s  d i r e c t  c o s t s ,  C , of t h e  twenty p l a n t s  w e r e  f i r s t  

- -  

c o r r e l a t e d  by t h e  f o l l o w i n g  modif ied DdCicco e q u a t i o n :  

C = kFNGe (2)  

The c o r r e l a t i o n  i s  p l o t t e d  i n  F i g u r e  1. This  method p o s t u l a t e s  two 

c o n s t a n t s ,  t h e  p r o p o r t i o n a l i t y  f a c t o r ,  k , and t h e  exponent ,  e . The 

complexi ty  f a c i o r  i s  a v a r i a b l e  d e f i n e d  as 

) 
T+P+M F = 2(10 ( 3 )  

where f a c t o r s  'i' and P are based on t h e  extreme tempera ture  and p r e s s u r e ,  

r e s p e c t i v e l y ,  w h i l e  M cor responds  t o  t h e  average  c o r r o s i v i t y  o f  t h e  p r o c e s s :  

where 

T = 1 . 8  X 10-4(t-27)  f o r  t >/ 27" C ( h o t  p r o c e s s )  ( 4 )  

. 
(5)  T = 2.0  X lo-3(27-t)  f o r  t < 27 '  C ( c o l d  p r o c e s s )  

( p r e s s u r e  p r o c e s s )  ( 6 )  

( 7 )  

P = 0 .1  l o g  p f o r  p > 1 a t m  

P = 0 .1  l o g  ( l / p )  f o r  p < 1 atm (vacuum p r o c e s s )  

M ranges  from 0 t o  0.4;  see Table  V.  

The s t r a i g h t  l i n e  i n  F i g u r e  1 was e s t a b l i s h e d  u s i n g  t h e  GLM r e g r e s s i o n  

procedure  [ 9 ] .  The c o n s t a n t  f a c t o r ,  k , and exponent ,  e , 

t o g e t h e r  w i t h  t h e  s t a t . i s t i c n 1  d a t a  are summarized i n  T a b l e  V I .  The 0.57 

exponent i s  c l o s e  t o  t h e  0.6 proposed by DeCicco f o r  c a p a c i t i e s  f a l l i n g  

w i t h i n  t h e  range  of t h e  p r e s e n t  s t u d y .  

The f o l l o w i n g  f o u r  a t t e m p t s  w e r e  made t o  improve t h e  Equat ion 2 c o r r e l a t i o n -  

A .  The c o n s t a n t  exponent ,  e ,  w a s  r e p l a c e d  by a v a r i a b l e .  This  

technique  gave b e s t  r e s u l t s  and w i l l  b e  d i s c u s s e d  i n  d e t a i l  

i n  t h e  n e x t  s e c t i o n .  

- 
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Figure 1 - Constant Exponent Correlation 
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B.  The c o n s t a n t  exponent ,  e ,  w a s  r e p l a c e d  by a weighted average  - 
exponent computed f o r  each p l a n t  from i n d i v i d u a l  module exponents  

a s s i g n e d  a c c o r d i n g  t o  equipment t y p e  based  on l i t e r a t u r e  

[ S , l C , 1 1 ] .  

of modules. 

The average  exponent w a s  weinhted by t h e  number 

C .  I n s t e a d  of  t h e  c o n s t a n t  p r o p o r t i o n a l i t y  f a c t o r ,  k ,  a v a r i a b l e  w a s  

i n t r o d u c e d  t h a t  w a s  d e f i n e d  as a f u n c t i o n  o f  module d i s t r i b u t i o n  

i n  t h e  p l a n t .  

D .  A c o n b i n a t i o n  of t h e  t e c h n i q u e s  B and C above w a s  used .  

The a l te rna t ive  t e c h n i q u e s  B ,  C ,  and D d i d  n o t  r e s u l t  i n  a b e t t e r  

c o r r e l a t i o n  t h a t  Equat ion 2 .  

S e l e c t e d  Carrel-at ion 

The b e s t  c o r r e l a t i o n  of b a t t e r y  l i m i t s  d i r e c t  c o s t  w i t h  p r o c e s s  

modules, p l a n t  c a p a c i t y ,  t e m p e r a t u r e ,  p r e s s u r e  and material of c o n s t r u c t i o n  

w a s  o b t a i n e d  by p o s t u l a t i n g  a c o n s t a n t  p r o p o r t i o n a l i t y  f a c t o r ,  k , and a 

f 

v a r i a b l e  exponent ,  v , 

C = kFNGV ( 8 )  

The exponent w a s  assumed t o  v a r y  as a f u n c t i o n  of  module d i s t r i b u t i o n  i n  

t h c  fo l lowing  form: 

n 

i= 1 
v = cixi 

The c o e f f i c i e n t s ,  c , were e s t a b l i s h e d  by a s t a t i s t i c a l  method [ 9 ] .  Three 

of them are z e r o  f o r  a l l  p r a c t i c a l  purposes ,  which i n d i c a t e s  t h a t  

Equat ion  9 i s  s t a t i s t i c a l l y  i n s e n s i t i v e  t o  module t y p e s  6 ,  7, and 10. 

i 

The i n t e r p r e t a t i o n  i s  provided e l sewhere  [ 8 ] .  The numer ica l  
n 

9 

'Ir 
L v a l u e  of t h e  c o n s t a n t ,  k = 1.1(10 ) 

n o t  d i f f e r  from t h a t  of  Equat ion 2 w i t h i n  t h e  accuracy  of  t h e  a n a l y s i s .  

i n  1981 d o l l a r s ,  does 
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The exponent is  computed wich thc fo l lowing  e q u a t i o n :  
I 

c 

v =  0 . 8 3 ~  + :L.051~ 1 2 
+ 3 . 5 9 ~ ~  = 0 . 4 7 ~ ~  + 0 . 5 9 ~ ~  + 

+ 1 . 0 7 ~ ~  t- 0 6 0 ~  + 0 . 8 3 ~ ~ ~  + 0 . 4 0 ~ ~ ~  (1 0 )  
9 

The c o n s t a n t  and exponent o f  l?quatior,s ? and 8 and t h e  s t a t i s t i c ~ a l  d:ita 

a r e  compared i n  Table  VI. 

t h e  40% d e v i a t i o n  l i n e  means that. f o u r  and two estimates based on 

Equat ions  2 and 8 ,  r e s p e c t i v e l y ,  are o u t s i d e  t h e  f 407: range .  However, 

t h e  accuracy  of t h e  recclmmended ].:quation 8 i s  a c t u a l l y  h i g h e r  t h a n  t h i s  

r o u t i n e  i n t e r p r e t a t i o n  of t h e  s ta t is t ics  i n d i c a t e s .  

have a d e v i a t i o n  exceeding & 40% r e p r e s e n t  P r o c e s s e s  5 and 7 i n  Table  111. 

The former is  53% underes t imated  because  i t  h a s  o n l y  a few modules, one o f  

them b e i n g  a n  ex t remely  expens ive  r e a c t o r .  P r o c e s s  7 i s  61% o v e r e s t i m a t e d  

because i t  is a r e c o n s t r u c t e d  p h n t  w i t h  some unident f - f ied  r e t r o f i t t e d  

o l d  equipment.  

i s  f 30% i n  94% cases. The two Dlants  were i n c l u d e d  t o  demonst ra te  t h a t  

t h e  method a p p l i e s  w i t h  lower ac-uracy even t o  extreme cases. 

A s  thti c o r r e l a t i o n s  are based on 20 p l n n t s ,  

The 10% p o i n t s  t h a t  

I f  t h e s e  two odd p r o c e s s e s  are l e f t  o u t ,  t h e  accuracy  

The recommended c o r r e l a t - - o n  was t e s t e d  [8]  u s i n g  a c o a l  g a s i f i c a t i o n  

p r o j e c t  [ 1 2 ] .  The p r e d i c t e d  d i r e c t  c o s t  w a s  w i t h i n  9Z of  the detailed 

estimate,  r e i n f o r c i n g  t h e  c o n f i d e n c e  i n  Equat ions  8 and 10. While most 

of t h e  p l a n t s  u n d e r l y i n g  t h e s e  e q u a t i o n s  were d e l i b e r a t e l y  choserl from 

t h e  n e g l e c t e d  mining and s o l i d s  p r o c e s s i n g  t e c h n o l o g i e s ,  t h e  i n c l u s i o n  

of  f o u r  t y p i c a l  f l u i d  p r o c e s s e s  (Nos. 11, 1 2 ,  1 6 ,  and 1 7  i n  Table  111) 

and t h e  good agreement w i t h  DeCicco’s formula i n d i c a t e  t h a t  t h e  

c o r r e l a t i o n  a p p l i e s  t o  a wide range  of  p r o c e s s  i n d u s t r i e s .  

I t  can b e  concluded t h a t  t h e  new c o r r e l a t i o n  of d i r e c t  p l a n t  c o s t  

w i t h  pro(.cass i i i o t l t i  I vs ,  r;ipnc L L l ! ,  ~ n t l  proc’ess condlt3ons is : 2 ~  improve- 

merit o v e r  p u b l i s h c ~ d  methods i n  t h a t  i t  removes t h e  ambigui ty  o f  d e f i n i n g  

t h e  modules and c o v e r s  a wider  range  of c a p i L a l  c o s t s  and t e c h n o l o g i e s .  
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Symbols 

A 

C 

F 

G 

I 

K 

M 

N 

P 

R 

T 

C 

e 

f 

i 

k 

n 

P 

t 

v 

X 

additional parameter, various dimensions 

battery limits direct cost, $ 

complexity factor, no dimension 

average throughput, lbs/hr 

investment cost, defined in various ways, $ 

plant capacity, various dimensions 

material 0 5  construction factor, no dimension 

number of process modules, no dimension 

pressure factor, no dimension 

statistical coefficient of determination, no dimenstion 

temperature factor, no dimension 

coefficienc, no dimension 

constant scale-up exponent, no dimension 

function of  

process module type, no dimension 

proportionality factor, ($)(hrs)/(lbs) per module 

number of .nodule types, no dimension 

pressure, dtm 

temperaturz, O C 

variable scale-up exponent, no dimension 

fraction of the number of modules that are of  type i ,  no dimension 
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TABLE I - Type of  V a r i a b l e s  Used i n  t h e  General  Inves tment  E s t i m a t i o n  Equat ion 1 

Capaci ty  Temperature  P r e s s u r e  M a t e r i a l  F a c t o r  No.of Modules 
Author K t P M N N c  :53 

Zevnick & Mass f low Maximum 
Buchanan (1) of product  

Gcre (5) 
Average 
v o l u m e t r i c  Maximum 
f low 

S t a l l  1 

Average 
weighted  by 
stream f lows  

Mass f low 
rthy (;a) o f p r o d u c t s  

Avp. mass Avg. weighted  
f low based  by No. o f  

and o u t p u t  u n i t s  
B r i d w a t e r  (7 )  on i n p u t  f u n c t i o n a l  

Mass f low Not d i r e c t  
of product  used T a v l o r  (6)  

Graphica l  
f u n c t i o n  
based  on 
maximum 

Molar 
f low of  
product  

I 

Y 

G r a p h i c d  c o r r e -  
l a t i o n  converted 
t o  e q u a t i o n s  by 
DeCicco (2)  

F u n c t i o n a l  

by examples 
Maximum Overall u n i t s  d e f i n e d  

Zevnick’s  & Addit ional .  para-  

f u n c t i o n a l  u n i t s  r e c y c l e  f a c t o r  
Not used Overall Buchanan s meter: e q i r i c a l  

Avg. No. of  
f u n c t i o n a l  u n i t s  
weighted by 

Average Average 
weighted by weighted  by 
stream f lows  s t r e a m f l o w s  stream flows 

Avg. weighted Zevnick’s & 
by No. o f  Buchanan’s 

f u n c t i o n a l  Not used f u n c t i o n a l  
u n i t s  u n i t s  

Not d i r e c t  
used 

Graphica l  
f u n c t i o n  
based on 
maximum 

A d d i t i o r , L  para-  
meter: r a b u l a t e d  S t e p s  based  

c h e m i s t r y  f o r  eacil s t r e a m  
Not used on p r o c e s s  f u n c t i o r  2f T , P ,  N 

A d d i t i o r s l  para-  
B a s i c  i t e m s  meters: (a) S t r e a m  
based on c o n f i g u r z r i o n ,  ( b )  
ma  j o r  T a b u l a t e  E exponents  
eauipmen t and r e f e r e n c e  c o s t s  

f o r  e q u i T z e n t  t y p e s  

Overall 

1 



TkBLE I1 - P r o c e s s  Module Type and C h a r a c t e r i z a t i o n  

Tvpe Parameter  Changed Example of O p e r a t i o n s  Example of  Main Equipment 

Heat exchange Heater, c o o l e r ,  exchanger  1 Temperature 

2 P r e s s u r e  ( r e q u i r i n g  Compression, e v a c u a t i o n  
energy i n p u t )  

Compressor, blower,  f a n  
vacuum pump 

3 Locat ion  of , s o l i d s  Receiving and u n l o a d i n g ,  t r a n s p o r t ,  s t o r i n g  Car dumper, conveyor sys tems,  
and molten s o l i d s  r e c l a i m i n g ,  packaging,  l o a d i n g ,  and r e c l a i m e r ,  c r a n e  and l a d l e ,  

s h  i pp i n  g s t r a p p i n g  s t a t  i o n  

4 Locat ion  of l i q u i d s  L i q u i d  c o l l e c t i o n  and d i s t r i b u t i o n  (wi th  Systems of t a n k s ,  sumps, 
a t  l e a s t  2 i n l e t  and 2 o u t l e t  s t r e a m s )  and pumps 

5 P a r t i c l e  s i z e  Comminution ; agglomera t ion  Crusher ,  b a l l  m i l l ;  b a l l i n g  d i s k  

6 P a r t i c l e  s i z e  S c r e e n i n g ,  c l a s s i f i c a t i o n  
d i  s t r i b u  t i o n  

S c r e e n ,  mechanical  c l a s s i f i e r ,  c y c l o n e  

7 S o l i d  body s h a p e  Cast i n p ,  excrusiur i  , ti L q ~ e ~ t l n g  ricting w h e e l .  e x t r u d e r .  D r e s s  

- - - - I -  c--- - < l n  El,c+eln 
A a L l l C  L C I L L L L ,  u**- -, 

W 
I 

u, 

8 - Storage*  

9 Number of streams L i q u i d  o r  s o l i d  mixing,  d i s s o l u t i o n ,  m u l t i -  S t i r r e d  t a n k ,  kneader ,  emulsi-  
Y 

s t o c k p i l e ,  pond 

phase  strcarr, g e n e r a t i o n ;  phase s e p a r a t i o n  f i e r ;  f i l t e r ,  t h i c k e n e r ,  
cyc lone  

10  Phase M e l t i n g ,  e v a p o r a t i o n ,  s u b l i m a t i o n ,  
condensa t ion ,  s o l i d i f i c a t i o n  

Furnace,  e v a p o r a t o r ,  s p l a s h  
condenser ,  s c r a p e d  w a l l  
con dens e r 

11 Phase d i s t r i b u t i o n  Absorpt ion,  a d s o r p t i o n ,  d e s o r p t i o n ,  d r y i n g ,  Column, d r y e r ,  s t i r r e d  tank  
of components e x t r a c t i o n  ( l i q u i d - l i q u i d  or 1eachiugj  , o r  l e a c h  systern 

washing, d i s t i l l a t i o n  

1 2  Composition o r  Chemical o r  n u c l e a r  r e a c t i o n  
is0 t ope 

R e a c t o r ,  r e v e r b e r a t o r y  f u r n a c e ,  
e l e c t r o l y t i c  c e l l  system 

* Cannot b e  d e f i n e d  i n  terms of  parameter  change 
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TABLE I11 - I n v e s t i g a t e d  P r o c e s s e s  

1. 

2 .  

3 .  

4 .  

5. 

6.  

7. 

8. 

9.  

10.  

11. 

12. 

Metal o r e  mining and h y d r o m e t a l l u r p i c a l  e x t r a c t i o n  

S o l u t i o n  mining 

Waste meta; r e c l a m a t i o n  

Minera l  c o n c e n t r a t i o n  by g r i n d i n g  and f r o t h  f l o t a t i o n  

Combined s m e l t i n g  and c o n v e r t i n g  

Metal o r e  mining and p y r o m e t a l l u r g i c a l  e x t r a c t i o n  

Gr inding ,  f l o t a t i o n ,  and e l ec t r i c  s m e l t i n g  

Gr inding ,  f l o t a t i o n ,  and combined s m e l t i n g  and c o n v e r t i n g  

Recovery 05 a non-ferrous metal from s o l u t i o n  

Counter-current  l e a c h i n g  and washing 

Carbon monoxide p r o d u c t i o n  from n a t u r a l  gas  

Metal r e d u c t i o n  i n  s o l u t i o n  

1 3 .  E lec t rowinning  

1 4 .  T r a n s p o r t a b l e  s o l i d - l i q u i d - g a s  p r o c e s s  p l a n t  

15.  Ore s t o r a g e ,  r e c l a m a t i o n ,  and g r i n d i n g  

1 6 .  Ammonia manufacture  

1 7 .  

18. F l a s h  smelLing 

19 .  Material h a n d l i n g  and e l e c t r i c  f u r n a c e  p r o c e s s i n g  

20. Cool c l e a n i n g  

SO2 s c r u b b i n g  and s u l f u r  p r o d u c t i o n  
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TABLE J V  - Range of Parameters Covered 

4 

I 

Parameter -- U n i t  Low H i &  

Number of modules - 6 97 

Average c a p a c i t y  k l b s / h r  40 15,000 

Bat t e ry  l i m i t s  d i r e c t  c o s t  $ k (1981) 740 152,000 

Bat t e ry  l i m i t s  insta.Llerl c o s t  $ k (1981) 4 30 77,000 

Maximum temperature  "F 40 3,d00 

Maximum pres su re  P s i a  1 5  2,600 

Overa l l  c o r r o s i v i t y  Zevn ick-Buchanan 
m a t e r i a l  f a c t o r  0 0.3* 

* The maximum material fact:or is 0.4 .  

TABLE V - M a t e r i a l  of Cons t ruc t ion  Fac to r s  

M Ma te r i a l  of Cons t ruc t ion  

0 Carbon s tee1 , c a s t  i r c n ,  wood 

0 .1  A l ,  Cu, b r a s s ,  400 ser ies  s t a i n l e s s  s teel ,  l i n e d  carbon sLcel 

0 . 2  Ni, monel, i ncone l ,  3Cl0 series s t a i n l e s s  s t e e l  

0 .3  More expensive a l l o y s  such as Has te l loy  

0.4 Prec ious  metals 
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TABLE V I  - Corre la t ion  Parameters 

I t e m  - 

Constant 
Exponent 

( o r r e l a t i m  
(Equation 2) 

Exponent 0.57 

2 Constant,  k . 
expressed i n  ($) (h r s )  / ( l b )  p e r  module 1.1 x 10 

Percentage of  p o i n t s  t h a t  have a dev ia t ion  
of  less than:  

-+ 30% 70 

5 40% 80 

0.75 
2 Coefficient 0.’ determination, R 

R e  c ommeii d e d 
Cor re l a t ion  
(Equations 
8 and 10)  

0.4  t o  0 .9  

2 1 . 1 x 1 0  

85 

90 

0.85 

- 

c 
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