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The F la t -P la t e  S o l a r  Array (FSA) P r o j e c t  a t  Jet Propuls ion  
Laboratory (JPL) i n  Pasadena, C a l i f o r n i a ,  is sponsored by t b e  
U. S. Department of Energy and forms p a r t  of t h e  S o l a r  Photo- 
v o l t a i c  Conversion Program t o  i n i t i a t e  a major e f f o r t  t a r a r d  t h e  
development of low-cost s o l a r  a r r a y s .  
product ion process  eva lua t ions ,  t h e  g o a l s  are t o  perform chemical 
engineer ing  and cost ana lyses  f o r  t h e  processes  under  coataideration 
f o r  t h e  product ion of s i l i c o n  a t  lwer cost. 

I n  t h i s  program f o r  s i l i c a n  

Chemical engineer ing  ana lyses  involvil lg t h e  p re l imina ry  
process  des ign  of a p l a n t  (1,000 metric tons /year  capac i ty )  t o  
produce s i l i c o n  v i a  t h e  technology under cons ide ra t ion  vere 
accomplished f o r  t h e  following processes: 

. U C  Process f o r  S i l i c o n  - Case A 

. HSC Process  f o r  S i l i c o n  - Case B 

Major a c t i v i t i e s  i n  t h e  chemical engineer ing  ana lyses  included 
base case  cond i t ions ,  r e a c t i o n  chemistry,  process flowsheet,  
material ba lance ,  energy ba lance ,  p roper ty  d a t a ,  equipment d e s i g n ,  
major equipment l i s t ,  product ion l a b o r  and forward f o r  e c o n a i c  
a n a l y s i s .  The process  des ign  package provided d e t a i l e d  d a t a  f o r  
r a w  materials, u t i l i t i e s ,  major process  equipment and product ion 
l abor  requirements  necessary  f o r  p o l y s i l i c o n  product ion i n  each 
process.  

I n  Case A of t h e  HSC process  (Hemlock Semiconductor Corpora t ion) ,  
t h e  feed t o  t h e  r e d i s t r i b u t i o n  r e a c t o r  is comprised of t h e  bottom 
stream from t h e  t h i r d  d i s t i l l a t i o n  u n i t .  
t i o n  r e a c t o r  feed is composed of t h e  d i s t i l l a t e  stream fram t h e  
second d i s t i l l e t i o n  u n i t .  

In  Case B, t h e  r e d i s t r i b u -  

Using d e t a i l e d  d a t a  from t h e  process  des ign  package, c o s t  
ana lyses  f o r  a 1,000 met r ic  t ons lyea r  s i l i c o n  p l a n t  were accomplished 
f o r  the processes  under cons ide ra t ion .  Primary r e s u l t s  i s s u i n g  from 
t h e  c o s t  ana lyses  included p l an t  c a p i t a l  investment and product  c o s t  
which are u s e f u l  i n  i d e n t i f i c a t i o n  of those processes  showing p r m i s e  
f o r  producing s i l i c o n  a t  l ove r  c o s t .  

Cost and p r o f i t a b i l i t y  results i s s u i n g  f r m  the  chemical engineer-  
ing and c o s t  ana lyses  a r e  summarized below: 

Product Cost Sa le s  P r i c e ,  

Process 

$/kg of s i l i c o n  
1980 1982 
d o 1 1 ar s d o l l a r s  

22.65 26.46 
HSC Process  f o r  
S i l i c o n  - Case A 

Slkg of s i l i c o n  - 
1982 
d o l l a r s  

32.47 @I 10% DCF 

26.43 
HSC Process f o r  
S i l i c o n  - Case B 22.62 32.33 @ 10% DCF 
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For t h e  s u r u r y  t a b u l a t i o n ,  the product c o s t  r ep resen t s  a l l  c28t 
a s soc ia t ed  wi th  producing s i l i c o n  inc luding  d i r e c t  r u r u f a c t u r k  
c o s t ,  i n d i r e c t  uanufactur ing c o s t ,  p l a n t  overhead and gene ra l  
expenses. 
measured i n  terms of DCF (discounted caah f l o u )  rate of return 
a f t e r  taxes 011 t h e  c a p i t a l  investment t h a t  t h e  company spen t  i n  
going i n t o  the  bus iness .  

The sales p r i c e  inc ludes  a p r o f i t  f o r  t h e  carpany 

These c o s t  and p r o f i t a b i l i t y  r e s u l t s  f o r  both Cases A and B 
of t h e  HSC process  i n d i c a t e  t h a t  t h i s  new technology e h w s  promise 
f o r  producing s i l i c o n  a t  apprec iab le  lower coa t  and coqrises an 
a l t e r n a t e  process  capable  of providing a less c o s t l y  s i l i c o n  
ma te r i a l  f o r  solar c e l l s .  

i i  
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1. INTRODUCTION 

The F l a t - P l a t e  So la r  Array (FSA) P r o j e c t  a t  Jet Propuls ion  
Laboratory (JPL) i n  Pasadena, C a l i f o r n i a ,  is  sponsored by t h e  
Department of Energy (DOE); and forms p a r t  of t h e  Photovol ta ic  
Energy Systems Program t o  i n i t i a t e  a major e f f o r t  toward t h e  
development of low-cost s o l a r  a r r a y s .  
o b j e c t i v e  of t h e  p r o j e c t  i s  t o  reduce t h e  cost of e l e c t r i c i t y  
produced wi th  s o l a r  c e l l s .  

An important  overall 

Semiconductor grade s i l i c o n  which is  c u r r e n t l y  produced 
v i a  the  convent iona l  Siemens p rocess  by major manufacturers  i n  
t h e  United S t a t e s  i s  too expensive to  meet t h e  silicon material 
c o s t  goa l s  f o r  low c o s t  e l e c t r i c i t y  frcm s o l a r  cells. Lower 
c o s t  s i l i c o n  is needed f o r  s o l a r  cells. Alternate processes  t h a t  
depa r t  from t h e  convent iona l  process  need to  be developed t o  
produce a less c o s t l y  s i l i c o n  material. 

Process  eva lua t ion  - which i s  a very  u s e f u l  t o o l  i n  r e s e a r c h  
and development - is  u s e f u l  i n  i n v e s t i g a t i o n  of such alternate 
processes  f o r  s i l i c o n .  
r e sea rch  and development program involves  d e c i s i o n  making on what 
work can be l e f t  ou t  wi th  l e a s t  jeopardy t o  s h o r t  and long term 
consequences and what work should be pursued wi th  t h e  b e s t  chance 
f o r  success i n  achiev ing  s h o r t  and long term g o a l s .  Ear ly  process  
eva lua t ion  i n v e s t i g a t i o n  inc lud ing  p re l imina ry  economic eva lua t ion  
a i d s  t h e  decis ion-making involved i n  whether to  commit e x t r a  funds 
t o  c a r r y  out  a p r o j e c t  from re sea rch  t o  l a r g e  s c a l e  p l a n t .  

The planning and implementation of a 

The e a r l y  s tudy  p a r t i c u l a r l y  minimizes t h e  r i s k s  involved i n  
t h e  process  development from e a r l y  r e sea rch  t o  l a r g e  s c a l e  p l a n t .  
The process eva lua t ion  i n v e s t i g a t i o n  should be i n i t i a t e d  wi th  t h e  
very  incept ion  of t h e  r e sea rch  p r o j e c t  and cont inued throughout 
i t s  l i f e  u n t i l  t h e  p r o j e c t  is  proved success fu l  or abandoned because 
i t  cannot e f f e c t i v e l y  meet t he  f i n a n c i a l  and product  p u r i t y  goals. 

I n  r e sea rch  and development, a screening  ou t  i s  requi red  for 
those p r o j e c t s  and processes  which are be l i eved  t o  be  unsounu or 
l e a s t  a t t r a c t i v e .  
wasted on p r o j e c t s  which may t u r n  out  t o  be u s e l e s s .  The many 
a l t e r n a t e  p r o j e c t s  and processes which are a v a i l a b l e  n e c e s s i t a t e  
t h e  e f f e c t i v e  u s e  of a screening  procedure,  n o t  t o  l o c a t e  a fool -  
proof ven tu re ,  bu t  t o  t r y  t o  s e l e c t  t he  bes t  p o s s i b l e  p r o j e c t .  

Economics d i c t a t e  t h a t  t h e  money should no t  be 

Process eva lua t ion  i n v e s t i g a t i o n  may e f f e c t i v e l y  d e a l  wi th  
a complete process  or p a r t  of a process .  Major c o s t  a r e a p  of a 
process  and p r o f i t a b i l i t y  p o t e n t i a l  of a proposed process  may be 
p inpoin ted .  I t  is a l s o  equa l ly  va luab le  i n  comparing a l t , e r n a t e  
proLesses and i n  the  s e l e c t i o n  of processes  wi th  the  bec.t t e c h n i c a l  
and economic f e a t u r e s ,  

- 1 -  



A t y p i c a l  sequence for process  s e l e c t i o n  i s  preeented i n  
F igure  1-1. 
r e l a t i o n  t o  t h e i r  u se fu lness  i n  t h e  s e l e c t i o n  of a process  f o r  
scale-up t o  p i l o t  p l a n t  and l a r g e  scale p l a n t .  
eva lua t ion  a c t i v i t i e s  ( sys  tern p r o p e r t i e s ,  chemical engineer ing  
and economic. a n a l y s i s  t a s k s )  may be e f f e c t i v e l y  u t i l i z e d  i n  t h e  
i n v e s t i g a t i o n  of a l t e r n a t e  processes  f o r  low c o s t ,  h igh  volume 
product ion of s i l i c o n  s u i t a b l e  f o r  s o l a r  c e l l s .  

The process  eva lua t ion  a c t i v i t i e s  are Shawn i n  

These process  

In  t h i s  program for s i l i c o n  product ion process  e v a l u a t i o n s ,  
t he  goa l s  a r e  t o  perform chemical engineer ing  s t u d i e s  and ana lyses  
for t h e  processes  under  cons ide ra t ion  f o r  t he  product ion of silicon. 
The program a l s o  inc ludes  p rov i s ions  for performing economic and 
c o s t  ana lyses  of t he  p o l y s i l i c o n  product ion processes  be ing  evalu-  
a t ed  by t h e  S i l i - o n  Material Task. 

- 2 -  



PROCESS SELECTION 
FOR SCALE-UP 

PRDCESS 
EvkUlATION 
INVESTIGATION 

PILOT PLANT 
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.Not Twh. 
. N o t  Economical 

Figure 1-1 T y p i c a l  Sequence for Process Se1ect j .m 
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2.  CHEMICAL ENGINEERING ANALYSIS 

2.1 HSC Process  f o r  S i l i c o n  - Case A (Hemlock Semiconductor Corpora t ion)  

The chemical engineer ing a n a l y s i s  a c t i v i t y  involves  t h e  pre l iminary  
pro:ess design of a p l a n t  t o  produce s i l i c o n  v i a  t h e  technology under 
cons ide ra t ion .  

The process  f l o r s h e e t  f o r  Case A of HSC process  (Hemlock Semiconductor 
Corporat ion)  f o r  s i l i c o n  is shown i n  Figure 2.1-1. 
major processing ope ra t ions  of hydrochlor ina t ion ,  s epa ra t ion ,  s e v e r a l  
d i s t i l l a t i o n  u n i t s ,  r e d i s t r i b u t i o n ,  boron removal, s i l i c o n  d e p o s i t i o n ,  
recovery u n i t  and waste t rea tment .  

The process  involves  

Meta l lurg ica l  grade s i l i c o n  i s  hydrochlor ina ted  i n  t h e  presence of 
hydrogen and s i l i c o n  t e t r a c h l o r i d e  in a f l u i d i z e d  bed r e a c t o r .  
p rocess ,  t he  r e a c t i o n  product i s su ing  from the  hydrochlor ina t ion  r e a c t o r  
(hydrochlor inat ion-hydrogenat ion r e a c t i o n )  i s  cooled and undergoes a 
vapor- l iquid f l a s h  sepa ra t ion .  
from the  f l a s h  is recycled back t o  t h e  hydrochlor ina t ion  r e a c t o r .  The 
l i q u i d  f r a c t i o n  con ta in ing  the  c h l o r o s i l a n e s  arid d i s so lved  gases  i s  f ed  
t o  t h e  i n i t i a l  d i s t i l l a t i o n  column. 

In t h e  

The vapor f r a c t i o n  con ta in ing  the  hydrogen 

The func t ion  of t h e  i n i t i a l  d i s t i l l a t i o n  column (D-01 , 
column) i n  the process  i s  t o  remove v o l a t i l e  gases  (such a s  
n i t r o g e n )  which are d i s so lved  i n  l i q u i d  c h l o r o s i l a n e s .  For 
des ign ,  TCS ( t r i c h l e r o s i l a n e )  was s e l e c t e d  as t h e  heavy key 
the  sepa ra t ion .  

s t r i p p e r  
hydrogen and 
t h e  engineer ing  
component f o r  

The second d i s t i l l a t i o n  column (D-02, TCS column) i n  t h e  process  
s e p a r a t e s  TCS ( t r i c h l o r o s i l a n e )  and TET ( s i l i c o n  t e t r a c h l o r i d e ) .  The 
d i s t i l l a t i o n  column has  t h r e e  feeds  ( r e d i s t r i b u t i o n  r e a c t o r  e f f l u e n t ,  
ch lo ros i l anes  from the  recovery u n i t  and bottoms from t h e  i n i t i a l  
d i s t i l l a t i o n ) .  
na t ion  r e a c t o r  f o r  a d d i t i o n a l  conversion.  The TCS from the  d i s t i l l a t i o n  
i s  s e n t  t o  the boron removal u n i t  and a subsequent a d d i t i o n a l  d i s t i l l a t i o n .  

The TET from the  d i s t i l l a t i o n  i s  recyc led  t o  t h e  hydrochlor i -  

The t h i r d  d i s t i l l a t i o n  column (D-03, DCS column) i n  the  process  
separates DCS ( d i c h l o r o s i l a n e )  and TCS ( t r i c h l o r o s i l a n e ) .  The TCS i n  the  
bottoms from the d i s t i l l a t i o n  is s e n t  t o  t h e  r e d i s t r i b u t i o n  r e a c t o r .  The 
DCS i s  sent  t o  the s i l i c o n  depos i t i on  r e a c t o r s .  

The design resul ts  f o r  number of t rays  (equi l ibr ium s t a g e s )  requi red  
f o r  each sepa ra t ion  a r e  shown i n  Figure 2.1-2, 2.1-3 and 2.1-4 f o r  
d i s t i l l a t i o n  D-01, D-02 and D-03. The design curve i n  each f i g u r e  d i s c l o s e s  
the  v a r i a t i o n  of number of t r a y s  with r e f l u x  r a t i o .  

Intermediate  i n  the  seve ra l  d i s t i l l a t i o n  u n i t s ,  the  TCS i s  r e d i s t r i b u t e d  
t o  DCS and TET by passing through a f ixed  bed of c a t a l y s t .  
bu t ion ,  t h e  Ttream i s  fed t o  appropr i a t e  d i s t i l l a t i o n  u n i t  f o r  s epa ra t ion  and 
p u r i f i c a t i o n .  The r e a c t i o n  equat ion  t o  produce DCS is  shown as 

A f t e r  r e d i s t r i -  

+ 
2SiHCI + S i H 2 C 1 2  + S i C 1 4  (2.1-1) 3 

- 4 -  



The HSC process  i s  based on the  cheaic:al vapor  depos i t i on  of DCS 
( d i c h l o r o s i l a n e )  w i th  hydrogen t o  produce p o l y s i l i c o n .  
depos i t i on  r e a c t i o n  ra te  is  f a s t  and has  t h e  fol lowing r e p r e s e n t a t i v e  
chemical r eac t ion  equat ion:  

Th i s  DCS 

SiH C 1  + H2 + S i  + + HC1 + By-products (2.1-2) 2 2  

The above r e a c t i o n  equat ion may inc lude  s e v e r a l  r e a c t i o n  s t e p s .  
Chemical e q u i l i b r i u v  is involved and i n  r e a l i t y ,  s e v e r a l  c h l o r o s i l c n e s  
(such as SiH C 1  
by-products. 

SiHCl and SiC14) are 8180 p resen t  i n  t h e  gas  phase 2 7.; 3 

The process  des ign  of 3 p l a n t  t o  produce s i l i c o n  by t h i s  new 
technology vas performed t o  ob ta in  d a t a  f o r  a c o s t  a n a l y s i s .  
was based on a p l a n t  t o  produce 1,000 metric tons /y r  of s i l i c o n  v ia  t h e  
HSC procef,s - Case A. I n  Case A ,  t h e  TCS ( t r i c h l o r o s i l a n e )  f r m  d i s t i l l a -  
t i o n  P O ;  i s  s e n t  t o  the  r < ? d i s t r i b u t i o n  " !ac tor .  

The design 

'Pie d e t a i l e d  s t a t u s  shee t  f o r  t he  process  des ign  package i s  shown 
i n  Table 2.1-1 and i s  r e p r e s e n t a t i v e  of t h e  va r ious  sub-items t h a t  make 
up tb.e a c t i v i t y .  
d e s i j n  are presented i n  a t a b u l a r  format t o  make i t  easier t o  l o c a t e  items 
of Fpec i f ic  i n t e r e s t .  The guide f o r  these  t a b l e s  i s  given below: 

The summarized r e s u l t s  f o r  t he  pre l iminary  process  

. Process  Flowsheet---------------- Figure 2.1-5 . Base Case Conditions------------- Table 2.1-2 . Reaction Chemistry--------------- Table 2.1-3 

. Raw Mater ia l  Requirements-------- Table 2.1-4 

. U t i l i t y  Requirements------------- Table 2.1-5 

. Major Process  Equipment---------- Table 2.1-6 

. Production Labor Requirements----Table 2.1-7 

The process  des ign  provides  d e t a i l e d  d a t a  f o r  raw materials, u t i l i t i e s ,  
major process  equipment and productiorl l abo r  requirements  which are 
necessary  f o r  p o l y s i l i c o n  product ion.  

- 5 -  
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TABLE 2.1-2 

1 .  Plant Size 
-Silicon produced from dichlorosilane (DCS) 
-1000 metric tons/yr of silicon 
-High purity silicon 
-Final product form (solid rods) 

2 . Hydrogcr.ation Reaction 
-Metallurgical grade silicon, hydrogerl, and recycle silicon tetrachloride 

-Copper catalyzed 
-Fluidized bed 
-5OO"C, 514.7 psia 
-29.5% conversion to 'TCS (example) 

(TET) used to produce trichlorosilane (TCS) 

3 .  Recycle For Bydrogenation Unit 
-Unreacted hydrogen from hydrogenation reactor is separated from chlorosilanes 

-Unreacted silicon tetrachloride (TET) is seperated by distillation and recycled 
by condensation and then recycled 

4 .  Distillation, D-01 
-Stripper column handles crude liquid chlorosilanes from hydrogenation 
-Removes volatile gases which are dissolved in the liquid chlorosilanes (such as 
H2, N,, HCl, etc.) 

L 

5. Distillation, D-02 
-Distillation column separates tr ichlorosi lane (TCS) and si 1 icon tetrachloride (TET) 
-Column has three feeds: stripper co1utr.n bottoms, redistribution reactor 
chlorosilanes and chlorosilanes from the recovery unit (chlorosilanes from the 
silicon deposit ion reactors 

6 .  Distillation, P O 3  
-Distillation column separates dichlorosi lane (DCS) and trichloros i lane (TCS) 
-Column h a s  one feed which is chlorosilanes from the boron removal unit 
-Overhead stream as the feed to CVD reactor 
-Bottom stream as the feed to redistribtition reactor 

7. Boron Removal 
-Removal of  BC1 

-Fixed bed unit 
-No chlorosilane material loss 

by complexation with nitrogen o r  oxygen base chemical which 3 is supported on non-volatile substance 

8. TCS Redistribution Reaction 
-TCS is redistributed t o  DCS arid TET through catalytic reaction 
-Catalytic redistribution of  TCS with amine function ion exchange resin 

-Liquid phase 80 psin, 8oc 
-Conversion from pure TCS f e e d  is about 10.5% to DCS 

(Dowc3x Ton Exchange Resin MWA-1) 

- :4 - 



TABLE 2.1-1 (continued) 

9. 

10. 

11. 

12. 

13. 

14. 

Chemical Vapor Deposition Reaction 
-Silicon production 
-Siemens CVD reactor (modified) 
-Dichlorosilane and Hydrogen feec. 
-Molar conversion to silicon of 40% 
-Deposition rate of 3000 g/hr 
-Reactor exhaust gas compositi’m (per mole of DCS fed) 

tic 1 .14 
DC S .10 
TC S .34 
S TC .16 

Recycle From CVD Reactor 
-Chlorosilanes are recovered from a refrigeration process 
-Hydrogen is separated from HC1 by adsorption process and recycled 

-Hydrogen chloride (HC1) is recovered as a salable by-product. 
back ta the CVD reactor 

Slim Rod Pullers 
-Prepare slim rods (small filaments) 
-Slim rod3 used in Siemen’s CVD reactor for silicon deposition 
-Slim rod diameter of 6 m  (approx. f ;  ipch) 

Operating Ratio 
-Approximately 85% utilization (on stream time) 
-Approximately 7445 hourlyear production 

Storage Consideration 
-Feed materials (several days supply) 
- P r o d i - t  (two shifts storage) 
-Drocess (several hours to 1 shift) 

Wastes Treatnent 
-Scrub and neutralize waste gas streams 
-Caustic solution used to neutralize 

Note: - 
The foilowing references were used in established the aboue tabulation: 1-20,26 

- 143 - 



TABLE 2.1-3 

REACTION CHEMISTRY FOR HSC PROCESS - CASE A 

1. H y h c h l o r i n a t  ion React ion 

Xicl4 + si + % ~ S ~ H C I ~  

2. Redis t r ibut ion React ion - 

3 .  Waste Treatmmt ( r c l p r c s e n t a t i v e  - o v e r a i  1 )  --- - 

SiH2CI2 + C n ( 0 H ) .  S S i O ,  + CaC12 + 2H20 

S i H C l : 3  + : . ~ C : I ( O H ) ~  3 S i 0 2  + 1 . 5 C a C I 2  + 2H20 

u 

S i C 1 , l  + 2Cn(OH), & aq SiO, + 2CaC12 + 2H20 
d u 

4 .  Decanposition Reaction 

SiH2C12 + H2 + Si + By-froducts 

:. &action 1 pnxtuct con ta ins  5 ,  HTl, SiClq ,  SiHC13, S 3 C l 2  ( t r a c e ) .  
o ther  t r;ict’ ch1orick.s 

2 .  

3 .  

ka1.t ion 2 prtxhict contains  SiHCl3,SiCl4. S%cl2, Si%C1 

By-products in reaction 4 include H2, HC1, SiH2CI2, siKI3 
snd Sic14 

- 1 5  - 



R A W  MATERIALS 

T A B U  2.1-4 

RAW MATERIAL REQUIREMENTS FOR HSC PROCESS - CASE A 

1 .  M .  G .  S i l i c o n  

2 .  S i l i c o n  Tetrachloride 
( S i c l 4 ,  make-up) 

3 .  L i q u i d  Hydrogen 
(H2, make-up) 

4 .  Copper Catalyst  

5 .  Hydrate L i m e  ( Ca(OHI2 

6 .  Hydrogen Chloride 
(HC1, by-product) 

REQUIREMENTS 
lb /hr  for lb ikg  of 
1000 m/yr S i l i c o n  s i 1 i E  on 

270.11 

535 * 73 

2.014 

3 .67  

45 .82  0 .342  

3 .44  

259.9 

129.96 

0 .026  

1.937 

0.969 

- 16 - 



UTILITIES 

TABLE 2.1-5 

UTILITY REQUIREMENTS FOR HSC PROCESS - CASE A 

1. E l e c t r i c i t y  
1) For Deposit ion 

Reaction 
2)  For Gas 

C ompre s s i on  
3 )  For Pumping 

Liau i d  

2 .  Steam 
1 )  Superheated, 

100 p s i a  
2 )  S a t u r a t e d ,  

100 p s i a  

3 .  Cooling water  

Condensing 
1 )  Cooling and 

4 .  Refr igerant  
1 )  R e f r i g e r a t i o n  

5 .  Process  Water 
1 )  Waste Treatment 

6 .  Fuel 
1 )  Direst-Fired 

2) I n c i n e r a t i o n  
Heater 

NOTE : 

TOTAL REQUIREMENTS REQUIREMENTS PER 
FOR PLANT - KG OF SILICON - 

12,000 kw 

260 kw 

90.0 kw-hr 

1.94  kw-hr 

55 kw 0.41 kw 

12,315 kw 92.35 kw 

5 k l b / h r  3 7 . 3  l b  

17 k l b / h r  126).7 l b  

22 k l b / h r  164.0 l b  

96 k g a l / h r  

0.90 M BTU/hr 

715.6 g a l  

.007 M Btu 

215 g a l  3.39 ga l  

4 M B'l'U/hr .03 M BTU 

1 . 5  M BTU/hr .011 M BTU 

5 . 5  M BTU/hr .041 M BTU 

3 

6 
k = kilo = 10 

M = mega = 10 

- 1 7  - 
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TABLE 2.1-7 

PRODUCTION LABOR REQUIREMENTS FOR HSC PROCESS - CASE A 

Sec t ion  

1. Hydrochlor inat ion 

2 .  Pur i f i ca t ion /Red i s t -  
r ibu t ion 

3. Waste Treatment 

4 .  S i l i c o n  Deposi t ion 

5.  Recovery Unit  

Labor 

man-hr/KG of S i  (oper/ s h i f t  ) 

0.018 ( 2 )  

0.026 

0.009 

0.044 

0.018 

Tota l  0.114 (13) 

Note - 
Mar?power estimate for product ion labor  requirements  based on: 

1. Dividing p l a n t  i n t o  s e c t i o n s  
-type of u n i t  opera t ion  
-mark o f f  working a rea  

2 .  Speci fy  work d u t i e s  requi red  i n  each s e c t i o n  

3.  Est imate  ope ra to r s  requi red  t o  p e r f o m  work d u t i e s  
i n  each s e c t i o n  
-type of u n i t  opera t ion  
-s'ze of working a r e a  
-degree of automation (ba t ch ,  semi-continuous, e t c . )  

- 28 - 



2 . 2  HSC Process  f o r  S i l i c o n  - Case B (Hemlock Semiconductor Corporat ion)  

The chemical engineer ing a n a l y s i s  a c t i L i t y  involves  the  pre l iminary  
process  design of a p l a n t  t o  produce s i l i c o n  v i a  the  technology under 
cons idera t  i on .  

The process  flowsheet f o r  Case B of HSC process  (Hemlock Semiconductor 
Corporat ion)  f o r  s i l i c o n  i s  shown i n  F igure  2 . 2 - 1 .  
major processing opera t ions  of hydrochlor ina t ion ,  s e p a r a t i o n ,  s e v e r a l  
d i s t i l l a t i o n  u n i t s ,  r e d i s t r i b u t i o n ,  boron removal, s i l i c o n  d e p o s i t i o n ,  
recovery u n i t  and waste t r ea tmen t .  

The process  invo lves  

M e t a l l u r g i c a l  grade s i l i c o n  i s  hydrochlor inated i n  t h e  presence of 
hydrogen and s i l i c o n  t e t r a c h l o r i d e  i n  a f l u i d i z e d  bed reactor.  In t h e  
process ,  t h e  r e a c t i o n  product i s s u i n g  from t h e  hydrochlor ina t ion  r e a c t o r  
(hydrochlorination-hydrogenation r e a c t i o n )  i s  cooled and undergoes a 
vapor- l iquid f l a s h  s e p a r a t i o n .  The vapor f r a c t i o n  conta in ing  t h e  hydrogen 
from the  f l a s h  i s  recycled back t o  t h e  hydrochlor ina t ion  r e s c t o r .  The 
l i q u i d  f r a c t i o n  conta in ing  t h e  c h l o r o s i l a n e s  and d i s so lved  gases  i s  fed 
t o  t h e  i n i t i a l  d i s t i l l a t i o n  column. 

The function of t h e  i n i t i a l  d i s t i l l a t i o n  column (D-01, s t r i p p e r  
column) i n  t h e  process  i s  t o  remove v o l a t i l e  gases  (such a s  hydrogen avd 
n i t r o g e n )  which a r e  d i s so lved  in  l i q u i d  c h l o r o s i l a n e s .  For t h e  engineer ing  
des ign ,  TCS ( t r i c h l o r o s i l a n e )  was s e l e c t e d  a s  t he  heavy key component f o r  
t he  s e p a r a t i o n .  

The second d i s t i l l a t i o n  column (D-02, TCS column) i n  t h e  process  
s e p a r a t e s  TCS ( t r i c h l o r o s i i a n e )  and E T  ( s i l i c o n  t e t r a c h l o r i d e ) .  The 
d i s t i l l a t i o n  column has t h r e e  feeds (bottoms from t h e  t h i r d  d i s t i l l a t i o n ,  
c h l o r o s i l a n e s  from t h e  recovery u n i t  and bottoms from the  i n i t i a l  
d i s t i l l a t i o n ) .  
na t ion  r e a c t o r  f o r  a d d i t i o n a l  conversion.  

The TET from t h e  d i s t i l l a t i o n  i s  recycled t o  t h e  bydrochlor i -  

The TCS from the  second d i s t i l l a t i o n  i s  s e n t  t o  the  r e d i s t r i b u t i o n  
r e a c t o r  where TCS is  r e d i s t r i b u t e d  t o  DCS and TET according t o  the  representa-  
t i v e  chemical r eac t ion  e q u a t i m :  

+ 
4 2SiHCl + SiW,,Cl, + S i c 1  

3 . - . -  
( 2 . 2 - 1  ) 

A f t e r  r e d i s t r i b u t i o n  thr .  s tream i s  s e n t  t o  t h e  boron removal u n i t  and 
the  t h i r d  d i s t i l l a t i o n .  The t h i r d  d i s t i l l a t i o n  column (D-03, DCS column) 
in  the process  s e p a r a t e s  DCS ( d i c h l o r o s i l s n e )  and TCS ( t r i c h l o r o s i l a n e ) .  
DCS from the  d i s t i l l a t i o n  i s  s e n t  t o  the  s i l i c o n  depos i t ion  r e a c t o r s .  

The design rt3sults f o r  number of t r a y s  (equi l ibr ium s t a g e s )  r equ i r ed  
f o r  each sepa ra t ion  a r e  shown in  Figure 2 . 2 - 1 ,  2 . 2 - 3  and 2 . 2 - 4  f o r  
d i s t i l l a t i o n  D - 0 1 ,  D-02 and D-03. Thp design curve in  ecch f i g u r e  d i s c l o s e s  
the  v a r i a t i o n  of number of t r a y s  w i t h  r e f1  s r a t i o .  

- .79 - 
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The p u r i f i e d  DCS is reac ted  wi th  hydrogen ( a 2 )  i n  a rod r e a c t o r  
t o  ob ta in  p o l y s i l i c o n  depos i t i on  v i a  the  fol lowing r e p r e s e n t a t i v e  
chemical r eac t ion  equat ion:  

SiH C 1  + H -+ S i  + + H C 1  + By-products (2.2-2) 2 2  2 

The above r eac t ion  equat ion may inc lude  s e v e r a l  r e a c t i o n  s t e p s .  
Chemical equi l ibr ium i s  involved and in  r e a l i t y ,  s eve ra l  c h l o r o s i l a n e s  
(such a s  SiH2C12, S i H C l  
by-products . 

and SiC14) a r e  a l s o  p re sen t  i n  the  gas phase 3 

The chemical vapor depos i t i on  r eac t ion  wi th  DCS is very f a s t  and 
occurs  on the  su r face  of a o t  rod (1000-12OOC) which is  hea ted  by 
passage of e l e c t r i c a l  cur re l i t  t'.:ough the  rod .  Large e l e c t r i c a l  energy 
requirements a r e  necessary because of t h e  hea t  of r e a c t i o n ,  r a d i a t i o n  
hea t  l o s s e s  and incomplete conversion of t he  DCS. Unreacted chloro-  
s i l a n e s  and hydrogen a r e  separa ted  and recyc led .  

The process  design of a p l a n t  t o  produce s i l i c o n  by t h i s  new 
technology was performed t o  ob ta in  d a t a  f o r  a c o s t  a n a l y s i s .  
was based on a p l a n t  t o  produce 1,000 met r ic  t ons /y r  of s i l i c o n  v i a  t h e  
HSC process  - Case B .  In  Case B ,  the  TCS ( t r i c h l o r o s i l a n e )  from d i s t i l l a -  
t i o n  D-02 i s  sen t  t o  the  r e d i s t r i b u t i o n  r e a c t o r .  

The l iesign 

The d e t a i l e d  s t a t u s  shee t  f o r  the  process  des ign  package i s  shown 
in Table 2 .2 -1  and i s  r e p r e s e n t a t i v e  of the  va r ious  sub-items t h a t  make 
up the  a c t i v i t y .  The s u m a r i z e d  r e s u l t s  for t he  pre l iminary  process  
design a r e  presented in  a t a b u l a r  format t o  make i t  easier t o  l o c a t e  
items of s p e c i f i c  i n t e r e s t .  The guide for  these t a b l e s  i s  given below: 

The process  design provides  d e t a i l e d  d a t a  f o r  raw m a t e r i a l s ,  u t i l i t i e s ,  
major process  eqiiipment and product ion l abor  requirements  which a r e  
necessary f o r  po lys i l i con  product ion .  
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TABLE 2.2-2 

BASE CASE CONDITIONS FOR HSC PROCESS -CASE B 

1. 

2. 

3 .  

4. 

5 .  

6 .  

7 .  

8. 

Plant Size 
-Silicon produced from dichlorosilane (DCS) 
-1000 metric tonslyr of silicon 
-High purity silicon 
-Final product form (solid rods) 

Hydrogenation Reaction 
-Metallurgical grade silicon, hydrogen, and recycle silicon tetrachloride 

-Copper catalyzed 
-Fluidized bed 
-5OO0C, 514.7 psia 
-29.5% conversion to TCS (example) 

(TET) used to produce trichlorosilane (TCS) 

Recycle For Hydrogenation Unit 
-Unreacted hydrogen from hydrogenation reactor is separated from chlorosilanes 

-Unreacted silicon tetrachloride (TET) is seperated by distillation and recycled 
by condensation and then recycled 

Distillation, D-01 
-Stripper column handles crude liquid chlorosilanes from hydrogenation 
-Removes volatile gases which are dissolved in the liquid chlorosilanes (such as 
H2, N2, HCl, etc.) 

Distillation, D-02 
-Distillation column separates trichlorosilane (TCS) and silicon tetrachloride (TET) 
-Column has three feeds: stripper column bottoms, redistribution reactor 
chlorosilanes and chlorosilanes from the recovery unit (chlorof!lanes from the 
silicon deposition r2actors) 

Distillation, D-03 
-Distillation c9lumn separates dichlorosilane (DCS) and trichlorosilane (TCS) 
-Column has one feed which is chlorosilanes from the boron removal unit 
-Overhead stream as the feed to CVD reactor 
-Bottom stream as the feed to redistribution reactor 

Boron Remova 1 
-Removal of BC1 

-Fixed bed unit 
-No chlorosilane material loss 

by complexation with nitrogen or oxygen base chemical which 3 is supported on non-yolatile substance 

TCS Redistribution Reaction 
-TCS is redistributed to DCS and TET through catalytic reaction 
-Catalytic redistribution cf TCS with amine function ion exchange resin 

-Liquid phase 80 psia, 8oc 
-Ccnversion from pure TCS feed is about 10.5% to DCS 

(Dowex Ion Exchange Resin MWA-1) 
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TABLE 2.2 -2 (continued) 

9.  Chemical Vapor Deposition Reaction 
-Silicon production 
-Siemens CVD reactor (modified) 
-Dichlor@silane and Hydrogen feed 
-Molar conversion to silicon of 40X 
-Depositiw rate of 3000 g/hr 
-Hcactor cxiruurit gou compovition (per mole of DCS fed) 

HC 1 .14 
DC S .10 
TCS .34 
STC .16 

10. Recycle From CVD Reactor 
-Chlorosilanes are recovered from a refrigeration process 
-Hydrogen is separated from HC1 by adsorption process and recycled 

-Hydrogen chloride (HCl) is recovered as a salable by-product. 
back to the CVD reactor 

11. Slim Rod Pullers 
-Prepare slim rods (small filaments) 
-Slim rods used in Siemen's CVD reactor for silicon deposition 
-Slim rod diameter of 6nm (approx. k inch) 

12. Operating Ratio 
-Approximately 85% utilization (on stream time) 
-Approximately 7445 hourlyear production 

13. Storage Consideration 
-Feed materials (several days supply) 
-Product ( two  shifts storage) 
-Process (several hours to 1 shift) 

14. Wastes Treatment 
-Scrub and neutralize waste gas streams 
-Caustic solution used to neutralize 

Note : - 
The following references were used in establishing the 
above tabulation: 1-20, 26 
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TABLE 2.2-3 

REACTION CHEMISTRY FOR HSC PROCESS - CASE B 

1. Hydmchlorinat ion React ion 

2. Redistribution Reaction 

3 .  Waste Treatment ( representa t ive  - o v e r a l l )  

4 .  Decanpos i t ion React ion 

SiH2C12 + H2 + Si + By-Products 

1. %action 1 product contains 3, HC1, SiC14, SiHC13, S 3 C l 2  (trace), 
other trace chlorides 

3 .  By-products in reaction 4 include H2, HCL,  SiH2C12, SiHC13 
and SiC14 
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TABLE 2.2-4 

R A W  MATERLALS 

R A W  MATERIAL REQUIREMENTS FOR HSC PROCESS - CASE B 

1 .  M. G .  S i l i c o n  

2 .  Silicon Tetrachloride 
( S i C 1 4 ,  make-up) 

3 .  Liquid Hydrogen 
(W2 , make-up) 

4 .  Copper Catalyst  

5 .  Hydrare L i m e  ( Ca(OHl2 

6 .  Hydrogen Chloride 
(E<;, by-product) 

REQUIREMENTS 
1bJhr for lb/kg of 
1000 mlyr S i l i c o n  S i l i c o n  

270.11 

535.73 

2.014 

3 .67  

45.82 0 .342  

3 .44  

259.9 

129.96 

0.026 

1.937 

0 .969  
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UTILITIES 

TABLE 2.2-5 

UTILITY REQUIREMENTS FOR HSC PROCESS - CASE B 

1 .  E l e c t r i c i t y  
1 )  For Deposition 

React ion  
2 )  For Gas 

C ompre s s ion 
3 )  For Pumping 

Liauid 

2 .  Steam 
1) Superheated, 

100 p s i a  
2)  Saturated, 

100 p s i a  

3 .  Cooling water 

Condensing 
1 )  Cooling and 

4 .  Refrigerant 
1) Refrigeration 

5 .  Process Water 
1 )  Waste Treatment 

6 .  Fuel 
1) Direct-Fired 

2 )  Incineration 
Heater 

TOTAL REQUIREMENTS 
FOR PLANT 

12,000 kw 

260 kw 

55 kw 

12,315 kw 

5 k l b / h r  

17 k lb /hr  

22 k lb/hr 

96 k ga l /hr  

0 .90  M BTU/hr 

REQUIREMENTS PER 
KG OF SILICON 

90.0 kw-hr 

1 .94  kw-hr 

0 .41  kw 
-~ ~ 

92.35 kw 

3 7 . 3  l b  

126.7 l b  

164.0 l b  

715.6 g a l  

.007 M Btu 

215 g a l  3 .39  g a l  

4 M BTU/hr .03 M BTU 

1 . 5  M BTLJ/hr .011 M BTU 

5 . 5  M BTU/hr ,041 M BTL 

NOTE : 

3 

b 
k = kilo = 10 

M = mega = 10 
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TABLE 2.2-7 

PRODUCTION LABOR REQUIREMENTS FOR HSC PROCESS - CASE B 

Labor 

Sec t  ion -- man-hr/KG of S i  (oper / sh i . f t  I 

1. Hydrochlor inat ion 0.018 (2 )  

2 .  Pur i f  i c a t  ion/Redis t -  
r ibu t ion 0.026 ( 3 )  

3. Waste Treatment 0.009 ( 1 )  

4 .  S i l i c o n  Deposit ion 0.044 ( 5 )  

5. Recovery Unit 0.018 ( 2 )  

Tota l  0.114 ( 1 3 )  

Note - 
Manpower estimate f o r  product ion l abor  requirements  based on: 

1. Dividing p l a n t  i n t o  s e c t i o n s  
-type of u n i t  opera t ion  
-mark o f f  working area 

2 .  Speci fy  work d u t i e s  requi red  i n  each s e c t i o n  

3. Est imate  ope ra to r s  requi red  t o  perform work d u t i e s  
i n  each s e c t i o n  
- t y p e  of u n i t  o p e r a t i - .  
- s i z e  of working a r e a  
-degree of automation (ba tch ,  semi-cont inuws,  e t c .  1 
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3. COST ANALYSIS 

3 1 HSC Process  f o r  S i l i c o n  - Case A (Hemlock SemiconLJctor Corporat ion)  

The c o s t  a n a l y s i s  a c t i v i t y  involves  an economic a n a l y s i s  of t h e  
The c o s t  process  under cons ide ra t ion  f o r  t h e  product ion of  si l icon. 

a n a l y s i s  f o r  t he  p a r t i c u l a r  technology is based on process  des ign  r z s u l t s ,  
such as requirements f o r  raw materials and major process  equipment 
necessary  t o  produce t h e  product ,  from t h e  chemical engineer ing  a n a l y s i s  
a c t i v i t y .  
c a p i t a l  investment and product c o s t  which are u s e f u l  i n  i d e n t i f i c a t i o n  
of those processes  showing promise for meeting p r o j e c t  c o s t  goa l s .  

Primary r e s u l t s  i s su ing  from t h e  c o s t  a n a l y s i s  i nc lude  p l a n t  

The c o s t  a n a l y s i s  r e s u l t s  f o r  producing s i l icon by t h e  HSC process-  
Case A (Hemlock Semiconductor Corporat ion)  are presented  i n  Tabie 3.1-1 
inc luding  c o s t s  for raw materials, l abor ,  u t i l i t i e s  and o t h e r  items compos- 
ing t h e  Froduct c o s t  ( t o t a l  c o s t  of producing s i l i c o n ) .  The t a b u l a t i o n  
s u m a r i z e s  a l l  of t h e s e  i t e m s  t o  g ive  a t o t a l  product  c o s t  wi thout  p r o f i t  
of $ 2 2 . 6 5  (1980 d o l l a r s )  and $ 2 6 . 4 6  (1982 d o l l a r s )  pe r  kg. 
c o s t  without  p r o f i t  inc ludes  d i r e c t  manufacturing cost ,  i n d i r e c t  manufactur- 
ing c o s t ,  p l a n t  overhead and gene ra l  expenses.  

This product  

A prel iminary c o s t  s e n s i t i v i t y  a n a l y s i s  w a s  performed t o  determine t h e  
inf luence  of c o s t  parameters on the economics of t h i s  new technology. 
c o s t  s e n s i t i v i t y  r e s u l t s  are given i n  Figure 3.1-1 i n  which product  c o s t  
wi thout  p r o f i t  ($/kg1 is  p l o t t e d  v s  v a r i a t i o n  (-100 t o  + lo0  per  c e n t )  
of t he  primary c o s t  parameters .  The 0 pe r  cen t  v a r i a t i o n  r e p r e s e n t s  t h e  
base c a s e ,  t he  -100 percent  v a r i a t i o n  corresponds t o  the  case  of no c o s t s  
f o r  the  parameter;  and the  +lo0 per  cen t  r ep resen t s  t h e  case f o r  a doubl ing 
of c o s t  f o r  each parameter.  The p l o t  i l l u s t r a t e s  t h a t  product c o s t  i s  
inf luenced most by p l a n t  investment ( f i x e d  c a p i t a l )  and u t i l i t i e s  ( p r i m a r i l y  
e l e c t r i c a l  power). Raw m a t e r i a l s  and l abor  a r e  in te rmedia te  and least  i n  
inf luence .  

The 

The product c o s t  r e p r e s e n t s  a l l  c c s t  a s soc ia t ed  wi th  producing s i l i c o n .  
On top of these  c o s t s  a producing company w i l l  inc lude  some p r o f i t .  The 
s a l e s  p r i c e  of the  product s i l i c o n  w i l l  a c t u a l l y  be the  sum of t he  product  
c o s t  and a p r o f i t  f o r  the  company. The p r o f i t  i s  u s u a l l y  measured i n  
terms of rate of r e t u r n  on t h e  c a p i t a l  investment t h a t  the  company spent  i n  
going i n t o  t h e  bus iness .  Two p r o f i t a b i l i t y  methods which are commonly used 
a r e  the  r e t u r n  on o r i g i n a l  investment (pe r  cent  ROI) and discounted cash  
f l o w  r a t e  of r e t u r n  (pe r  c e c t  DCF). 

The c o s t  and p r o f i t a b i l i t y  a n a l y s i s  summary for t h e  HSC process  - Case A 
a r e  presented in  Table 3.1-2. The s a l e s  p r i c e  of po lys i l i con  a t  v a r i o u s  
r a t e s  of r e t u r n  f o r  both p r o f i t a b i l i t y  methods (per  cen t  ROI and DCF) i s  
shown i n  the  lower ha l f  of t he  t a b l e .  The r e s u l t s  i n d i c a t e  a sales p r i c e  of 
$35.86 p e r  kg of s i l i c o n  (1982 c io l la rs )  a t  1 5  per  cen t  DCF r e t u r n  on investment 
a f t e r  t a x e s .  

The d e t a i l e d  r e su l t s  f o r  t h e  c o s t  a n a l y s i s  a r e  rresented i n  a tab i l la r  
format t o  make i t  e a s i r e  t o  l o c a t e  c o s t  i tems of s p e c i f i c  i n t e r e s t .  The 
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guide f o r  t h e  t a b u l a r  format i s  given below: 

These c o s t  and p r o f i t a b i l i t y  r e s u l t s  f o r  t h e  HSC process-Case A 
i n d i c a t e  t h a t  t h i s  new technology shows p r m i s e  for  producing s i l i c o n  
a t  apprec iab le  lower c o s t .  
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TABLE 3.1-1 

ESTIMATION Qp PRODUCT COST FOR HSC PROCESS - CASE A 

PRODUCT COST, $/kg of silicon 

1980 dollars. .1982 dol lars ,  

1. Direct Manufacturing Cost (Direct Costs). ..... 1 7 . 1 9  
Raw Materials 
Direct Operathg Labor 
Utili t iee 
Supervision and Clerical 
Maintenance and Repairs 
Operating Supplies 
Laboratory Charge 

2. Indirect ManufacturingCost (Fixed Cost). ...... 
Depreciation 
Local Taxes 
Insurance 

3. Plant Overhead ................................ 
4. General. Expenses.. ............................ 

Administ rat ion 
Distribution and Sales 
Research and Developaent 

4 . 6 4  

1.87 

2.95 

15.49 

5.34 

2.18 

3.45 

5. Product Cost Without Profit................... 22.65 26.46  
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TABLE 3.1-2 

1. 
2 .  
3. 
4 .  
5. 

6. 

7. 

8.  

COST AND PROFITABILITY ANALYSIS SUMMARY M R  HSC PROCESS - CASE A 

Process . . . . . . . . . . . . . . . . . . . . .  ................ HSC Process - Case A 
P l a n t  S i z e , . . .  ............................... 1,000 met r ic  tons /year  
P l a n t  Product ............................... S i l i c o n  
Product Form...... .......................... S o l i d  Rods 
p l a n t  Investment . . . . . . . . . . . . . . . . . . . . . . . . . . . .  $39,290,000 / $45,180,000 

( 1980 dollars) (1982 dollars) 

Fixed Capital $35.72 Mega $41 . C 7  Mega 
Working C a p i t a l  $ 3.57 Mega $ 4.11 Mega 

(15%) T o t a l  $39.29 Mega $45.18 Piga 
(1980 dollars) (1982 dollars) 

Return on Or ig ina l  Investment ,  after taxes (%ROI) 

S a l e s  P r i c e  Sales P r i c e  
$ /Kg of S i l i con  
(1980 d o l l a r s )  (1982 d o l l a r s )  

$/Kg of S i l i c o n  

0% ROI.............. $22.65 
5% ROI .............. $26.45 

10% ROI .............. $30.26 
15% R O I . . . . . . . . . . . . . .  $34.06 
20% ROI..... ......... $37.86 
25% R O I . .  ............ $41.67 
30% R O I . . .  .......... $45.47 
40% ROI ............. $53.08 

$26.46 
$30.90 
$35.34 
$39.78 
$44.22 
$48.66 
$53.11 
$61.99 

Discounted Cash Flow Rate of Return, a f t e r  t a x e s  ( %  DCF) 

0% DCF .............. 
5% D C F . . . .  .......... 

10% D C F . . . . .  ......... 
15% DCF.............. 
20% D C F . . . .  .......... 
25% DCF..... ......... 
30% D C F . . . . . . . . . . . . . .  
40% DCF .............. 

S a l e s  Pr ice  S a l e s  P r i c e  
$/Kq of S i l i c o n  $/Kg of s i i icon 

(1982 d o i l a r s )  (1 980 d o l l a r s )  - 
$22.65 
$25.10 
$27.79 
$30.70 
$33.80 
$37.04 
$40.41 
$47.41 

$26.46 
$29.32 
$32.47 
$35.86 
$39.48 
$43.26 
$47.19 
$55.37 

Based on 10 year  p r o j e c t  life and 10 year  s t r a i g h t  
l i n e  dep rec i a t ion .  

Tax R a t e . .  . . . . . . . . . . . . . . . . . . . . . . . . . .  46% 
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PROCESS DESIGN INPUTS: PROCESS PLANT DESIGN CHECKLIST FOR HSC PROCESS - CASE A 

1. Raw Mater ia l  Requirements 

-raw ma te r i a l  requirements f o r  process  
-meta l lurg ica l  grade s i - l icon ,  s i l i c o n  t e t r a c h l o r i d e ,  hydrogen, 

copper c a t a l y s t ,  l i m e ,  e t c .  
-see t a b l e  f o r  "Raw Mater ia l  Cost" 

2.  U t i l i t y  Reqdirements 

- u t i l i t y  requirements for ?recess 
- e l e c t r i c i t y ,  st2am, cool ing water ,  r e g r i g e r a t i o n ,  e t c .  
-see t a b l e  f o r  " U t i l i t y  Cost' '  

3. Major Process  Equipment Requirements 

- l i s t  of major process  equipment requi red  f o r  process  
- d i s t i l l a t i o n  columns, hea t e r s ,  hea t  exchangers,  r e a c t o r s ,  t anks ,  

-see t ab le  f o r  "Major Process  Equipment Cost" 
b ins ,  ves se l s ,  compressors, pumps, e t c .  

4. Production Labor Requirements 

-product ion labor  requiremenrs f o r  process  
- labor  fo r  hydrc > l o r i n a t i o n ,  purificationlredistribution, waste 

t reacnent ,  s i l i c o n  depos i t ion ,  e t c .  
-see t a b l e  €or  "Froduction Labor Cost" 
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TABLE 3.1-5 

BASE CASE CCND'TIONS: COST ANALYSIS CHECKLIST FOR HSC PROCESS- CASE A 

1. Raw Mate r i a l  Cost (32-38) 

-cost  of r a w  m a t e r i a l s  r equ i r ed  i n  process  
-Chemi.cal Marketing P\epo:ter 
- indu s t r i a  1 con su 1 t a t  ions 
-o ther  personal  comnunications 

2 .  U t i l i t y  Cost (21-27) 

-cost  of u t i l i t i e s  r equ i r ed  i n  process  
-Chemical Week (P lan t  S i t e s ) ,  P e t e r s  and Tinmenhaus (Rates f o r  

- indus t r ia  1 c omnun i c a  t ions  
va r ious  i n d u s t r i a  1 u[: i 1 it ies 

3 .  Labor Cost (22-26, 31) 

-cost  of l abor  requi red  i n  process  
- labor  r a t e  r e p r e s e n t a t i v e  uf Petroleum, Coal, Chemical 

- r a t e  of  Slr)/hr (1980 d o l l a r s )  
and A l l i e d  I n d u s t r i e s  

4. Major Process  Equipment Cost ( 9 ,  26-30) 

-cost  of r ia jor  process  equipment requi red  i n  process  
-vendor quo ta t  ions  
-Richardson Process  P l a n t  Cons t ruc t ion  Estimating Standards  
-Guthrie ,  Popper, Pe t e r s  and T i m e r h a u s  
-M 6 S Equipmefit Cost I rdex  
-Other personal  sources  

5 .  C a p i t a l  Investment Cost ( 2 6 - 3 0 )  

-major process  equ ipmen t 
- i n s t a l l a t i o n .  p ip ing ,  i n s t rumen ta t ion ,  e l e c t r i c a l ,  p rocess  b u i l d i n g s  
- 0 f f s i t e s .  u ~ i l i t i e s ,  s i t e  devclopment. gene ra l  services,  o f f i c e s ,  

r e c e i v i n g ,  shipping 
-engineer ing,  cont  ingoncy 
- f ixed  c a p i t a l  investment f o r  p l a n t  
-CE P lan t  Cost Index 
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TABLE 3.1-5 (Continued) 

Note - 
1. The above t abu la t ion  prcvides  documentation for sources  of t he  

c o s t  d a t a .  

2. In  t h i s  r e p o r t ,  each r e spec t ive  t a b l e  (Raw Haterial Cost, U t i l i t y  
Cos t ,  e t c . )  g i v e s  d t t a i l e d  d a t a  such as c o s t  pe r  l b .  of material, 
c o s t  per  kw-hr of e l e c t r i c i t y .  major process  equipment c o s t ,  c o s t  
nf l ahn r  i n  S /hr  and o the r  c o s t s .  

3.  ‘ihe c o s t  a x l y s i s  r e s u l t s  presented  i n  t h i s  r e p o r t  are p r imar i ly  
app l i cab le  f o r  

-1980 d o l l a r s  
-1382 d o l l a r s  

4. The numbers i n  parentheses  a r e  r e fe rences  f o r  t h e  above tabu!ation. 
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MAJOR PROCESS EQUIPMENT COST FOR HSC PROCESS - CASE A 

Equipment Cost, $1,000 

1980 d o l l a r s  1982 d o l l a r s  Equ ipmen t 

24.0 27.6 1. D-01 Cnide TCS 
St r ipp ing  Column 

71.9 82.7 2.  D-02 TCS/TET 
D i s t i l l a t i o n  Column 

60.3 

57.4 

70.0 

66.0 

D-03 DCS/TCS 
D i s t i l l a t i o n  Column 

3 .  

4 .  H-01 Crude TCS 
Con den se  r 

19.1 

22.9 

11.6 

2.9 

22 .o 

26.3 

13 .3  

3.3 

34.5 

16.8 

12.4 

41.1 

12.3 

5. 

6.  

H-02 H Gas Pre- 
Heater 2 

H-03 TET Vaporizcr 

7. 

8.  

9. 

10. 

11. 

12. 

13 .  

H-04 S t r i p p e r  
Con denser 

H-05 S t r i p p e r  
Rebo i l e r  

30.0 H-06 TCS 
Condenser 

H-07 TCS 
Re b o i le r 

14.6 

10.8 

35.7 

H-Ob TET Heat 
Exchanger 

H-09 DCS 
C nn de n se r 

10.7 H-10 X 5  Reboiler 
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TABLE 3.1-3 

(Continued) 

Eqtipment Cost,  $1,000 
1980 d o l l a r s  1982 d o l l a r s  

14. 

15. 

H - 1 1  TCS Cooier 5.2 

5.1 

6.0 

5.9 H-12 Waste Stream 
Cooler 

16. H-13 TET Super- 
h e a t e r  

30.9 35.5 

H-14 H2 Compressor 
I n t e r c o o l e r  

3.7 4.3 1 7 .  

18. H-15 CVD 
Reactor Gas Cooler 
( 1 s t  S tage)  

2.8 3.2 

19. H-16 CVD 
Reactor Gas Cooler 
(2nd Stage)  

21.7 25.0 

H-17 CVD Reactor 
Gas Cooler (3rd  S tage)  

20. 
4 .9  

19.0 

5 .6  

21.9 21. H-18 CVD Reactor 
Gas Cooler 
(4 th  Stag,?)  

10.6 

179.C 

1 2 . 2  

205.9 

2 2 .  

23. 

H-19 Gas Heater 

R-01 Hydrochlorina- 
t i on  Reactor 

R-02 TCS Redi s t r ibu t ion  
Reac t o r  

21 .o 24.2 24 1 

17.5 25. R-03 Waste 
Neu t ra l i ze r  

20.1 

R-04 Waste Combuster 12 .8  14.7 2 6 .  

R-05 CVD Depostion 
Reactor ( 4 5 )  

27 .  
122.0 e a .  

29.8 

140.3 e a .  

34.3 28 .  B-01 S i l i c o n  S to rage  
Bin  w i th  Feed  Lock 

67 - 



29. T-01 Residue 
Se t  t 1 ing Tank 

30. T-02 Residue Withdraw Tank 

31. T-03 Hydrogen Separat ion 
Tank 

TABLE 3.1-8 

(Continued) 

Equipment Cost ,  $1,000 

1980 d o l l a r s  1982 d o l l a r s  

32. T-04 Crude TCS 
Storage Tank 

33. T-05 TCS S t r i p p e r  
Reflux Drum 

54. T-06 TCS/TET D i s t i l l a -  
t i o n  Reflux Drum 

35. T-C’ TET Storage Tank 

36. T-08 DCS/TCS Disti l la-  
t i o n  Reflux Drum 

37. T-09 Vapor-Liquid 
Separa tor  

38. T-10 Vapor-Liquid Separator  

39. T-11 Flue Gas 
Separat ion Tank 

40. T-12 L i m e  Solu t ion  
Prepara t ion  Tank 

41. T-13 Waste F i l t r a t e  
Storage Tank 

42. T-14 Hydrogen Surge Tank 

43. C-O1A Hydrogen Feed Compressor 
F i r s t  SI. age 

88.2 101.4 

8 .5  

20.7 

34.9 

4.4 

8 . 4  

19.9 

9.6 

15.8 

17 .a 
1 . 7  

7.2 

5.9 

6 .O 

43 .O 

9.8 

23.8 

40.1 

5.1 

9.7 

22.9 

11 .o 

18.2 

2 0 . 5  

2.0 

8.3 

6 . 8  

6.9 

49.5 
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TABLE 3.1-8 

( Con t inu e d 

44. 

45. 

46. 

47.  

48. 

49. 

so. 

2 1 .  

52. 

53.  

54. 

55. 

56. 

57. 

58. 

59. 

60. 

61. 

C-OlB Hydrogen Feed Compressor 
Second Stage 

C-02 Hydrogen C i r c u l a t i o n  
C ompre s s o r  

Equipment Cost ,  S1,OOO 

- 1980 d o l l h r s  - l.9- 

46.4 53.4 

2 0 . 3  2 3 . 3  

P-01 Feed Tank Blower 16 .O 18.4 

P-02 S e t t l i n g  Tank 
C i r cu  la  t ion ?UT? 

9 .8  11.3 

P-03 Crude ' T S  PUXF 2 . 5  2.Q 

P-04 TCS Reflux Pump 4.3 4 .9  

P-05 TET Feed Pump 5.8 6.7 

P-06 DCS Reflux Pump 3.8 4.4 

P-10 Waste Solu t ion  Pump .9 1 .o 

P-11 Lime Solu t ion  
C i rcu la t ion  Pump 

P-12 Fresh Lime 
Solu t ion  Pump 

,9 1 .o 

. 9  1 .o 

C-03 Gas Compressor 128.5 147.8 

M-01 S i l i c o n  Dust F i l t e r  1 .5  1 . 7  

M-02 Waste S lur ry  F i l t e r  3 . 8  4 .4  

M-03 S i l i c o n  Feed Cyclone 2 . 0  2 . 3  

M-04 Quench Contact Ejector 9 . 5  10.9 

M-05 Flue Gas Ejector 1 .8  2 . 1  

M-06 Adsorption Tower  ( 3 )  45.5 e a .  5 2 . 3  ea. 
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62. M-07 Boron Removal Unit ( 2 )  

63. M-08 Vent Scrubber 

64. M-09 S l i m  Rod P u l l e r s  ( 5 )  

65. M-10 C a t a l y s t  Blender 

66.  M - 1 1  Recovery System Pump 

TABLE 3.1-8 

(Continued 

Equipment Cost ,  $1,000 

1980 d o l l  8':s 1982 d o l l a r s  -- 

9 . 5  ea. 10.9 e a .  

1 7 . 1  19.7 

21. ea. 24 .2  ea. 

21.8 25.1 

1 . 4  1 .6  

67. M-12 Hydrogen Storage Tank 53 .O 61 .O 

-- 
T o t a l  7,131 .O 8,200.6 
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ORIGINAL PAGE IS 
OF POOR Q l J A L i n  

TABLE 3.1-10 

ESTIMTION OF PLANT INM8TMENT FOR HSC pRM=E88-CASE A 

1. DIRECT PLANT INVESTMENT COSTS 
1. Major Process Equipment Cost 
2. Inrtrllrtion of Process Equipment 
3. Procmss Piping, Inrtrllmd 
4. Instrumtation, Installed 
5. Electrical, Installed 
6. Procsss Building, Installed 

1r.SUBTOTAL FOR DIRECT PLANT INVESTt€Nl 
(PRIMILY BATTERY LIMIT FACILITIES) 

2. OTHER DIRECT PLANT INVESTHENT COSTS 
1. Utilities, Installed 
2. G m w r l  Service, Site D.lvelwment, 

3. Gcrrwal Buildings, Officcn, rtc 
4. Receiving, Shipping Frcilities 

Fire Protection, etc. 

2r.SUBTOTCK FOR OTHER DIRECT 
PLCINT INVESTMENT COST 
(PRIMARILY OFFSET FCICILITIES) 

3. TOTAL DIRECT INVESTMENT COSTS, ir+2r 

4. INDIRECV P U N T  INVESTPENT COSTS 
1. Engineering, Ovmrhead, rtc 
2. N o r m a l  Cont. for Strikrr, etc 

4a. TOTAL INDIRECT INVESTMWT COST 

5. TOTAL DIRECT M D  INDIMCT 
INVESTMENT COST, 3+4r 

6. OVERALL WNTINBENCY 

7,131.0 8,200.6 
3,066.3 3,526.3 
5,276.9 6,066.3 
1,354.9 19558.1 
713.1 820.1 
713.1 820.1 

18,256.4 20,993.7 

3,422.47 3,936.3 
-97 984.1 

-93 1,148.1 
1,497.5 1,722.1 

25,029.8 29,784.3 

34,014.9 39,117.1 

1,700.7 1,955.9 

7 .  FIXED W I T *  INVESTENT FOR P L M T  S+6 359715-6 41,073.0 
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ORIGINAL PAGE IS 
OF POOR QUALllY 

TABLE 3.1-11 

ESTIMATION OF TOT& PRODUCT COST FOR HSC eRM=ESS-ccIsE CI 

1. Direct Manufacturing Cost 
(Direct Charges) 
1. Raw tlaterialr 
2. Direct Operating Lrbw 
3. Utilities 
4. Supervision and Clmrical 
5. Haintmance and Rmprirs 
6. Operating Supplies 
7. LabwaCwy Charge 

2. Indirect Hanufacturing Cost 
(Fixed Charges) 
1. Depreciation 
2. Local Taxes 
3. Insurance 

3. Plant Overhard 

4. By-Product Credit 

4.. Total tlanufrcturing Cost, 1+2+3+4 

5. Genwal Expenses 
1. Administration 
2. Distribution and Sal- 
3. R l u a r c h  and Develparmt 

6. Total Cost of Product, 4r+S 

2.660 3.070 
1. 1% 1.380 
4.745 5,694 
0.173 0.207 
3.572 4. 107 
0.714 0.821 
0.173 0. 207 

3.572 4.107 
0.714 0.821 
0.357 0.411 

1.665 2.184 

19.695 23.011 

1.182 1.381 
1.182 1.381 
0.591 0.690 
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3 . 2  HSC Process  f o r  S i l i c o n  - Case H (Hemlock Semiconductor Corporat ion)  

The c o s t  a n a l y s i s  a c t i v i t y  invo lves  an economic a n a l y s i s  of t he  
process  under c o n s i d e r a t i o n  f o r  t h e  product ion of s i l i c o n .  The c o s t  
a n a l y s i s  f o r  the p a r t i c u l a r  technology i s  based on p rocess  des ign  resu l t s ,  
such a s  requirements f o r  raw mater ia ls  and major p rocess  equipment 
necessary t o  produce t h e  product ,  from the  c h e n i c a l  epg inee r ing  a n a l y s i s  
a c t i v i t y .  Primary r e s u l t s  i s s u i n g  from the  c o s t  a n a l y s i s  i nc lude  p l a n t  
c a p i t a l  investment and product c o s t  which a r e  u s e f u l  i n  i d e n t i f i c a t i o n  
of those processes  showiLrg pr.omise f o r  meeting p r o j e c t  c o s t  g o a l s .  

The c o s t  a n a l y s i s  r e s u l t s  f o r  producing s i l i c o n  by the  HSC process-  
Case B (Hemlock Semiconductor Corporat ion)  are presented i n  Taole 3.2-1 
including c o s t s  f o r  raw m a t e r i a l s ,  l a b o r  u t i l i t i e s  and o t h e i  i tems ccmpos- 
ing the  product c o s t  ( t o t a l  c o s t  of producing s i l i c o n ) .  The t a b u l a t i o n  
s u m a r i i e s  a l l  of t h e s e  items t o  g ive  a t o t a l  product c o s t  without  p r o f i t  
of $ 2 2 . 6 2  (1980 d o l l a r s )  and $ 2 6 . 4 3  (1982 d o l l a r s )  p e r  kg. This product  
c o s t  without  p r o f i t  includes d i r e c t  manufacturing c o s t ,  i n d i r e c t  manufactur- 
ing c o s t ,  p l a n t  overhead and g e n e r a l  expenses.  

A prel iminary cos; s e n s i t i v i t y  a n a l y s i s  was performed t o  determine t h e  
in f luence  of c o s t  parameters on the  economics of t h i s  new technology. The 
c o s t  s e n s i t i v i t y  r e s u l t s  a r e  given i n  Figure 3.2-1 i n  which product c o s t  
without  p r o f i t  ( $ / k g )  i s  p l o t t e d  vs v a r i a t i o n  (-100 t o  +IO0 p e r  c e n t )  
of t h e  primary c o s t  parameters .  The 0 pe r  c e n t  variation r e p r e s e n t s  t h e  
base c a s e ,  t h e  -100 per c e n t v a r i a t i o n  corresponds t o  the  c a s e  of no c o s t s  
f o r  t h e  parameter;  and the  + lo0  p e r  c e n t  r e p r e s e r - s  t h e  c a s e  f o r  a doubl icg 
of c o s t  f o r  each parameter .  The p l o t  i l l u s t r P - e F  t h a t  product c o s t  i s  
inf luenced most by p l a n t  investment ( f i x e d  c , p i t a l )  and u t i l i t i e s  ( p r i m a r i l y  
e l e c t r i c a l  power).  Raw m a t e r i a l s  and l abor  a r e  i n t e r m e 4 i  t e  and l e a r t  in 
i n f luence .  

The product c o s t  r e p r e s e n t s  a l l  c o s t  a s s o c i a t e d  with producing s i l i c o n .  
On top of t h e s e  c o s t s  a producing company w i l l  include some p r o f i t .  The 
s a l e s  p r i c e  of t he  product s i l i c o n  w i l l  a c t u a l l y  be the sum of t h e  product 
c o s t  and a p r o f i t  f o r  t h e  company. The p r a f i t  i s  u s u a l l y  measured i n  terms 
of r a t e  of r e t u r n  on the c a p i t a l  investment t h a t  *he company spent  in 
going i n t o  t h e  b u s i n e s s .  Two p r o f i t a b i l i t y  methods which a r e  C O n Q > i i l y  used 
a r e  the  r e t u r n  on o r i g i n a l  investment ( p e r  cen t  ROI) and disco:inted cash 
flow r a t e  of r e t u r n  (pe r  c e n t  DCF). 

The c o s t  and p r o f i t a b i l i t y  a n a l y s i s  summary f o r  t he  HSC p rocess  - Case R 
a r e  presented i n  'fable 3 . 2 - 2 .  The s a l e s  p r i c e  of p o l y s i l i c o n  a t  v a r i o u s  
r a t e s  of r e t u r n  f o r  both p r o f i t a b i l i t y  methods (pe r  c e n t  R O I  and DCF) is  
shown i n  the lower h a l f  of t he  t a b l e .  The r e s u l t s  i n d i c a t e  a s a l e s  p r i c e  of 
$35 .67  per  kg  of s i l i c o n  (1982 d o l l a r s )  a t  1 5  per cen t  DCF r e t u r n  on inves t -  
ment a f t e r  t a x e s .  

The d e t a i l e d  r e s t i l t s  f o r  the c o s t  a n a l y s i s  a r e  presented i n  a t a b u l a r  
format t o  make i t  e a s i e r  t o  l o c a t e  c o s t  items of s p e c i f i c  i n t e r e s t .  Tile 
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guide f o r  t h e  t a b u l a r  format is  given below: 

These c o s t  and p r o f i t a b i l i t y  r e s u l t s  for t h e  HSC process-Case B 
i n d i c a t e  t h a t  this new technology shows promise for  producing s i l icon 
a t  apprec i ab le  lower cc:jt.  



TABLE 3.2-1 

ESTIMATION OF PROLlUCT CU6T W R  HSC PROCESS - CASE B 

PRODL'CT COST, $/kg of sil icon 

1990 dollars . J982 dollars . 

1. Direct Manufacturing Coat (Direct Costs). ..... 13.18 
Raw Materials 
Direct Operating Labor 
Utilities 
Supervision and Clerical 
b intenance  ant3 Repairs 
Operating Supplies 
Laboratory Charge 

2. Indirect Hanufactuing C o E t  (Fixed Cost) ....... 4 . 6 3  
Depreciation 
Local Yaes 
Insurance 

15.47 

5 . 3 3  

3.  Plant OverheaQ. ............................... 1.86  

4. General Expenses. ............................. 2 . 9 5  
m i n i s t r a t i o n  
Distribution and Sales  
Research and Devslopnent 

2.18 

3 - 4 5  

5.  PrclducL Cost Without P r o f i t . . . . . . . . . . . . . . . . . . .  2 2 . 6 2  2 6 . 4 3  

- 76 - 



40 

35 

30 

25 

20 

15 

10 

1 I I I 

PLANT 
INVESTMENT 

U T I L I T I E S  

K A W  
MATERIALS 

LABOR 

1982 DOLLARS 
0 

I I 1 I I 

-100 -5G 0 50 1oc 150 

VARIATION, % 

PLANT 
INVESTMENT 

U T I L I T I E S  

K A W  
MATERIALS 

LABOR 

1982 DOLLARS 
0 

I I 1 I I 

-100 -5G 0 50 1oc 150 

VARIATION, % 

Figure  3 . 2 - 1  SENSITIVITY ANALYSIS OF PRODUCT COST WITHOUT PROFIT 
FOR HSC FROCESS - CASE B 
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1. 
2. 
3 .  
4. 
5 .  

7. 

COST AND PROFITABILITY ANALYSIS sUMt4%RY FOR HSC PROCESS - CASE B 
Process.... ................................. HSC Process - Case B 
Plant Size. .................................. 1,000 metric tons/year 
Plant Product ............................... Silicon 
Product ?r im. . .  ............................. S o l i d  Rcds 
Plant Investment.. .......................... $39,190,009' $45,07O,OOO 

( 1980 dollars) (1982 dollars) 

Fixed Capital $35.63 Mega $40.97 Mega 
Working Capital $ 3.56 Mega $ 4.10 m a  

(isw Total $39.19 W g a  $45.07 Mega 
(19P3 dollars) (1982 dollars) 

Return on Original Investment, after tdXe5 t*ROI) 

Sales rice Sales Price 
$ /Kg of Silicon 
(1980 dollars) (1982 dollars) 

$/Kg of Silicon 

0% ROI .............. $22.62 
50 ROI.... .......... $26.41 
100 ROI.... .......... $30.20 
15% ROI. . . .  .......... $34.00 
20% ROI.. ............ $37.79 
25% ROI .............. $41.58 
30% ROI... .......... $45.38 
400 ROI........ .... $52.96 

$26.43 
$30.79 
$35.15 
$38.52 
$43.88 
$48.24 
$52.60 
$61.33 

Discaunted Cash Flow Rate of Return, after taxes ( 0  DCF) 

Sales Price sales Price 
S/Kg of Silicon 
(1980 dollars) 

$/Kg of Silicon 
(1982 dollars1 - 

0% XI'.. ............ $22.  b2 
5% DCF .............. $ 2 5 . 0 6  
10% DCF. ............. $27.75  

20% DCF .............. $33.73 

330 DCF.............. $40.33 

150 DCF.............. $ 3 0 . 6 5  

25% WF.............. $36.97 

400 DCF. ............. $47.31 

$26.43 
$29.24 
$32.33 
$35.67 
$39.21 
$&2.94 
$46.80 
$54.83 

Based on 10 year project life and 10 year Ptr3ight 
line depreciation. 

8 .  Tax Rate . . . . . . . . . . . . . . . . . . . . . . . . . . . .  462 
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TABLE 3.2-4 

PROCESS DESIGN INPUTS: PROCESS P U N T  DESIGN CRECKLIST FOR HSC PROCESS - CASE B 
1. Raw Material Requirements 

-raw mater ia?  requirements f o r  process  
-me ta l lu rg ica l  grade s i l i c o n ,  s i l i c o n  t e t r a c h l o r i d e ,  hydrogen, 

copper c a t a l y s t ,  lime, e t c .  
-see t a b l e  f o r  "Raw Material Cost" 

2 .  U t i l i t y  Peqvirements 

- u t i l i t y  requirements  f o r  process  
- e l e c t r i c i L y ,  steam, cool ing  vater, r e g r i g e r a t i o n ,  e t c .  
-see t a b l e  f o r  " U t i l i t y  Cost" 

3. Major Process  Equipment Ftequireaents 

- l is t  of major process equipaent  requi red  f o r  process  
- d i s t i l l a t i o n  columns, h e a t e r s ,  h e a t  exchangers,  r e a c t o r s ,  t anks ,  

b i n s ,  v e s s e l s ,  compressoi , , pumps, e t c .  
-see t a b l e  for "Major Process  Equipaent Cost" 

4. Production Labor Requirements 

-product;on l abor  requirements f o r  process  
- labor  f o r  hyt!rochlorination, pu r i f  i c a t i o n / r e d i s t r i b u t i o n ,  waste 

t rea tment ,  e i l i L a  depos i t i on ,  e t c .  
-see cable  f o r  "Production Lab-t  Cost'' 
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TABLE 3.2-5 

BASE CASE CONDITIONS: COST ANALYSIS CHECKLIST FOR HSC PROCESS- CASE B 

1. Raw Macerial  Cost (32-38) 

-cost  of raw materials r e q u i r e d  i n  p rocess  
-Chemical Marketing Reporter  
- indus t r ia l  c o n s u l t  a t  ions  
-o the r  personal  c o m u n i c a t i o n s  

U t i 1  i t y  Cost (21-27) 

-cost  of u t i l i t i e s  rec;uired i n  process  
-Chemical Week ( P l a n t  S i t e s ) ,  Peteip and Tinmrenhaus (Rates  f o r  

- i n d u s t r i a l  c o m n i c a t i o n s  
v a r i o u s  indust: i a l  u t i l i t i e s )  

Labor Cost (22-2E, 31) 

-cost  of l abor  r e q u i r e d  i n  p rocess  
- l abor  r a t e  r e p r e s e n t a t i v e  of Petroleum, Coal , Chemical 

- r a t e  of $lO/hr (1980 d o l l a r s )  
and A l l i e d  I n d u s t r i e s  

4.  Major Process  Eqsipment Cost (9, 26-30) 

-cost  of major process  equipment r e q u i r e d  i n  p rocess  
-vendor q u o t a t i o n s  
-Richardson Process  P l a n t  Construct ion Est imat ing Standards 
-Guthrie,  Popper, P e t e r s  and T i m e r h a u s  
-M 6 S Equipment Cost Index 
-Other personal  sou rces  

5 .  Capita? Investment Cost ( 2 6 - 3 0 )  

-major process  equipment 
- i n s t a l l a t i o n ,  ? i p i n g ,  i n s t rumen ta t ion ,  e l e c t r i c a l ,  p rocess  buila,.,gs 
- o i f s i t e s ,  u t i l i t i e s ,  s i t e  development, pene ra l  s e r v i c e s ,  o f f i c e s ,  

r e c e i v i n g ,  shipping 
--Piigineering, contingency 
- f ixed  c a p i t a l  inJestment  for p l a n t  
-CE F lan t  Cost Index 



TABLE 3.2-5 (Continued) 

Note - 
1. The above tabulat ion provides documentation f o r  sources 

cost  data .  
of the 

2. I n  t h i s  report ,  each respective tab le  (Raw Uaterial Cost, U t i l i t y  
Cost, e t c . )  gives de ta i led  data such as cost  per Ib. of ataterial ,  
cost  per kv-hr of e l e c t r i c i t y ,  major process equipment cos t ,  cost 
nf lahor in  S / h r  and other  costs .  

3 .  The cost  anhlysis r e s u l t s  presented in  t h i s  report  are primarily 
appiicable f o r  

-1980 do l l a r s  
-1982 do l l a r s  

4. The numbers in parentheses re references f o r  the above tabulat ion.  
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TABLE 3.2-8 

MAJOR PROCESS EQUIPMENT COST FOR HSC PROCESS - CASE B 

Equipment Cost,  $1,000 

1980 d o l l a r s  1982 do l l a r s  Equipment 

24.0 27.6 P O 1  Crude TCS 
S t r i p p i n g  Column 

1. 

D-02 TCS/TET 
D i s t i l l a t i o n  Column 

2 .  

3 .  

53.9 62 .O 

60.9 

57.4 

70.0  

66.0 

D-03 DCS/TCS 
D i s t i l l a t i o n  Colmm 

H-01 Crude TCS 
Con dens e r 

4 .  

19.1 22.0 5 .  H-02 H Gas Pre- 
Heater 2 

26.3 H-03 TET Vaporizer 2 2 . 9  

11.6 

6 .  

7. 13.3 

3.3 

H-04 S t r i p p e r  
Condenser 

2 . 9  8 .  E-05 S t r i p p e r  
Reb o i 1 e r 

30.0 34.5 9 .  H-06 TCS 
Con dens e r 

16.8 10. 

11. 

H-07 TCS 
Reboiler 

14.6 

10.8 

35.7 

10.7 

12.4 

4 1 . 1  

H-08 TET Heat 
Exchani;er 

1 2 .  H-09 DCS 
Con denser 

H-10 DCS Reboiler  12.3 13 * 
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TABLE 3.2-8 

(Con t k e d )  

Buipment Cost,  $1,000 
1980 d o l l a r s  1982 do l l a r s  

14. 

15. 

H-11 TCS Cooler 5.2 

5.1 

6.0 

5 . 9  H-12 Waste Stream 
Cooler 

30.9 35.5 16. H-13 TET Super- 
heat e r 

1 7 .  H-14 H2 Compresdor 
In te rcooler  

3.7 4.3 

18. H-15 CVD 
Reactor Gas Cooler 
(1st Stage)  

2 . 8  3.2 

19. H-16 CVD 
Reactor Gas Cooler 
(2nd Stage] 

21 .7  25.0 

20. 

21. 

H-17 CVD Reactor 
Gas Cooler ( 3 r d  Stage) 4.9 

19 .o 

5.6 

21.9 H-18 CVD Reactor 
Gas Cooler 
(4 th  S t a g e )  

2 2 .  

23. 

H-19 Cas Heater 10.6 

179 .O 

12.2 

205.9 F.-0 A Hydrochlor ina- 
t i o n  Reactor 

24. R-02 TCS Redis t r ibut ion 
Re ac t o r  

21 .o 24.2 

25. R-03 Waste 
Neutral izer  

17.5 20.1 

26.  

2 7 .  

R-04 Waste Combuster 12.8 14.7 

R-OS CVD Depostion 
Reactor ( 4 5 )  122.C ea .  

29.8 

140.3 ea.  

34.3 28. 8-01 S i l i con  Storage 
B i n  wich Feed Lock 
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TABLE 3.2-8 

(Cont h u e d )  

- Equipment Cos t ,  $1,000 

1982 d o l l a r s  __. 1980 d o l l a r e  

29. T-01 Residue 
Se t  t 1 ing Tank 

83.2  101 $4 

30. 

31. 

T-02 Residue Withdraw Tank 8 . 5  

20.7 

9.8 

23.8 T-03 Hydrogen Separst ion 
Tank 

T-04 Crude TCS 
Storage Tank 

32. 

3 3 .  

34.9 

4 .4  

43.1 

5.1 T-OS TCS S t r i p p e r  
Reflux Drum 

34. T-06 TCS/TET Disti l la-  
t i o n  Reflux D r u m  

8.4 9.7 

35. 

36. 

T-07 TET s t o r a g e  Tank '13.9 

9.6 

22.9 

11 .o T-OS DCS/TCS D i s t i l l a -  
t i o n  Reflux Drum 

T-09 Vapor-Liquid 
Separator  

3 7 .  15.8 18.2 

38.  

3 9 .  

"-10 Vapor-Liquid Separa tor  17.8 20.5 

2 .o T-11 Flue Gas 
Separat ion Tank 

1 . 7  

40 .  T-12 Lime Solu t ion  
Prepara t ion  Tank 

7.2 8.3 

41. T-13 Waste F i l t r a t e  
Storage Tank 5.9  

6.0 

43.0 

6 . 8  

6 . 9  

49.5 

4 2 .  

4 3 .  

T-14 Hydrogen Surge Tank 

C-O1A Hydrogen Feea Compressor 
F i r s t  Stage 
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TABLE 3.2-8 

( C o n t  h u e d )  

44. 

45.  

46. 

47. 

4 8 .  

49. 

50. 

51. 

52. 

53. 

54. 

55. 

5 6 .  

51. 

58. 

5 9 .  

60. 

61. 

C - O l B  Hydrogen Feed Compressor 
Second Stage 

C-02 Hydrogen C i r c u l a t i c n  
Compr- a s s o r  

P-01 Feed Tank Blower 

P-02 S e t t l i n g  Tank 
C i r c u l a t i o n  Pump 

P-03 Crude TCS Pump 

P-04 TCS Reflux Pump 

P-05 I'ET Feed Pump 

P-96 DCS Reflux Pump 

P-10 Waste So lu t ion  Pump 

r .11 Lime So lu t ion  
C i r c u l a t i o n  Pump 

P-12 Fresh L i m e  
So lu t ion  Pump 

C-03 Gas Compressor 

M-01 S i l i c o n  Dust F i l t e r  

E-02 Waste S l u r r y  F i l t e r  

M-03 S i l i c o n  Fee6 Cyclone 

M-04 Quench Contact E j e c t o r  

M-05 Flue Gas E j e c t o r  

M-rJ6 Adsorption Towe: ( 3 )  

Equipment Cost ,  $1,000 

uBubuwL 1980 d o l l a r s  

46.4 53.4 

20.3 - 2 3 i 3  

16 .O 18.4 

9 . 5  11.3 

2.5 

4.3 

5.8 

3 .8  

. 9  

. 9  

2.9 

4.9 

6.7 

4.4 

1 .o 

1 .o 

. 9  1 .o 

128.5 147. a 
1 . 5  1 .7  

3 . 8  4.4 

2.0 2 . 3  

9 . 5  i 0 . 9  

1.8 2 . 1  

45.5 e a .  ?2.3 e a .  
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TABLE 3.2-8 

(Con t h u e d  

Equipment Cost, $1,000 

1980 d o l l a r s  1982 d o l l a r s  

62 .  M-07 Boron Removal Unit (2 )  9.5 ea. 10 .9  ea. 

63 .  M-OS Vent Scrubber 17 .1  19.7 

64 .  M-09 S l i m  Rod P u l l e r s  ( 5 )  21. ea. 24 .2  ea. 

65 .  H-10 Catalyst  Blender 21 .8  

66 .  M-11 Recovery System Pump 1 . 4  

25 .1  

1 . 6  

67 .  H-12 Hydrogen Storage Tank 53 .O 61 .O 

Total 7,113.0 8,180 -0  
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1. DIRECT PLMT 1-S- -18 
1. NaJ# Pr0c-s Equipcrrrrt Cort 
2. Installation o+ R a c - m  E q u i m t  
3. Rarrr Piping, Install& 
4. Inrtrummntrtim, Inrtrlled 
5. Elmctricrl, Inrtrllmd 
6. R # - m  Building, Instrllmd 

Ir-SUBTOTCIL FOR DIRECT PLCYJT 1NUES-T 
WRItW?ILV BCITTERV LIMIT FKILITIES) 

2. OTHER DIRECT M T  INVES- COSTS 
1. Utilities, Installed 
2. k w a l  SITvicm, Site Develapmmnt, 

3. Fmrrl Buildingm, Offices. etc 
4. RIcriving, Shipping Facilitirr 

Fire Protmcticm, rtc. 

2r.SUBTOTCY. FOR CIRECT 
P L M T  INV€Sn€NT COST 
(PRIWRILI OFFSET FACILITIES) 

3, TOT& DIRECT INV€STP€NT COSTS, lr+2r 

4. INDIRECT W IMIESl?ENl COSTS 
1. Engineering, O e h e r d ,  rtc 
2. Normal Cont. GOT Strikes, rtc 

4r. TOT& INDIRECT I N E S r n  COST 

5. TOTAL DIRECT CWD INDIRECT 
INVESTCENT CQST, 3+4a 

6. OVERCYL CONTI-V 

7,113.0 8,180.0 
3 g o 5 B - 6  3,517.4 
S.263.6 6,053.2 
1,351-5 1.Ss4-2 
711.3 B1B.O 
711.3 818.0 

3,514.2 3, -6.4 
853.6 981.6 

995-8 1,145.2 
1,493.7 1,717.8 

24,966.6 28,711-6 

3,912.2 49499.0 
5,050.2 5,807.8 

8,962.4 10,306.7 

33,929.0 39,018.4 

1,696.5 1,950.9 

7 ,  FIXED W I T &  IENESTENT FOR P L M T  5+6 35,62S. 5 40. 969.3 
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1. Direct Manufacturing Cost 
(Dircct C h a r m )  
1. Raw Hatwirls 
2. Dirm-t m e t i n g  Labor 
3. Utilitirn 
4. Supwvirior, and Clmrical 
5. Haintmancr m d  Repairs 
6. Oprrating Suppl im 
7. Labwatwy charge 

2- Indirect Hanufactwing Cart 
( F i x d  C h u g - )  
1. Depreciation 
2. Local Tax- 
3. Inuuancr 

3. Plant Overhead 

2. 660 3.070 
1.150 1.380 
4. 745 5.6V4 
0.173 0.207 
3.562 4. 097 
0.712 0.819 
0.173 0.207 

3.562 4.097 
0.712 0.819 
0.3s6 0.410 

1.862 2,181 

4. By-Roduct Credit 

4a. Total Hanufactwing Cost, 1+2+3+4 19.&&7 22.982 

5. k n w a l  Expmrcn 
1- Administration 1.180 1.379 
2. Distribution and Sales 1.180 1.379 
3. Rmsearch and Develpownt 0.590 0.689 

6. Total Cost of Roduct, 4a+S 22.617 26.429 



4. CONCLUSIONS 

The fol lowing conc lus ions  are made as 9; r e s u l t  of analyses conducted 
f o r  new t echno log ie s  and p rocesses  being developed f o r  t h e  product ion of 
lower c o s t  s i l i c o n  for s o l a r  c e l l s :  

1.  Chemical eng inee r ing  ana lyses  involving t h e  p re l imina ry  p rocess  
des ign  of a p l a n t  (1,000 m e t r i c  t ons /yea r  c a p a c i t y )  t o  produce s i l i c o n  
v i a  t h e  technology under c o n s i d e r a t i o n  were accomplished f o r  t h e  follow- 
ing processes:  

. HSC Process  for S i l i c o n  - Case A 

. HSC Process  f o r  S i l i c o n  - CaFe B 

I n  Case A of t h e  HSC p rocess  (Hemlock Semiconductor Corpora t ion ) ,  t h e  f eed  
t o  t h e  r e d i s t r i b u t i o n  reactor is  comprised of t h e  bottom stream from t h e  
t h i r d  d i s t i l l a t i o n  u n i t .  I n  Case B, t h e  r e d i s t r i b u t i o n  r e a c t o r  feed is 
composed of t h e  d i s t i l l a t e  stream from t h e  second d i s t i l l a t i o n  u n i t .  

For each case, major a c t i v i t i e s  i n  t h e  chemical eng inee r ing  a n a l y s e s  
included base case  c o n d i t i o n s ,  r e a c t i o n  chemistry,  process  f l w s h e e t ,  
m a t e r i a l  balance,  energy ba lance ,  p rope r ty  d a t a ,  equipment des ign ,  major 
equipment l i s t ,  production l abor  and forward f o r  cost a n a l y s i s .  The 
process  design package provided d e t a i l e d  d a t a  f o r  raw materials, u t i l i t i e s ,  
major process  equipment and product ion l abor  requirements  necessa ry  €or 
s i l i c o n  production i n  each p rocess .  

2 .  Cost ana lyses  were accomplished f o r  the fol lowing p rocesses  under 
cons ide ra t ion  f o r  t he  production of s i l i c o n :  

. EX Process  for S i l i c o n  - Case A 

. HSC Process  f o r  S i l i c o n  - Case B 

Primary a c t i v i t i e s  i n  t h e  c o s t  ana lyses  involved p rocess  des ign  i n p u t s ,  
base c a s e  c o n d i t i o n s ,  r a w  m a t e r i a l  c o s t s ,  u t i l i t y  c o s t s ,  major p rocess  
equipment c o s t s  and product ion l abor  c o s t s  i n  t h e  e s t i m a t i o n  of p l a n t  
investment and t o t 3 1  product c o s t .  

3 .  The c o s t  a n a l y s i s  r e s u l t s  f o r  producing s i l i c o n  by t h e  HSC process- 
Case A a r e  presented including c o s t s  f o r  raw materials,  l a b o r ,  u t i l i t i e s  
and o t h e r  i tems canposing t h e  product c o s t  ( t o t a l  c o s t  of producing s i l i c o n )  
The r e s u l t s  i n d i c a t e  a t o t a l  product c o s t  without  p r o f i t  of $22 .65  (1980 
d o l l a r s )  and $26.46 (1982 d o l l a r s )  p e r  kg. The p r o f i t a b i l i t y  a n a l y s i s  
results d i s c l o s e  a s a l e s  p r i c e  of $35.86 (1982 d o l l a r s )  pe r  kg of s i l i c o n  
a t  15 p e r  c e c t  DCF (discounted cash flow) r a t e  of r e t u r n  on investment 
a f t e r  t a x e s .  
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These c o s t  and p r o f i t a b i l i t y  r e s u l t s  f o r  t h e  HSC p rocess  - Case A 
i n d i c a t e  t h a t  t h i s  r:ew technology shovs promise f o r  producing s i l i c o n  
a t  a p p r e c i a b l e  lower c o s t  and comprises an a l t e r n a t e  p rocess  capable  
of providing a less c o s t l y  s i l i c o n  m a t e r i a l  f o r  s o l a r  c e l l s .  

4.  The c o s t  a n a l y s i s  resu l t s  f o r  producing s i l i c o n  by t h e  HSC process - 
Case B (Hemlock Semiconductor Corporat ion)  are presented inc lud ing  
c o s t s  f o r  r a w  materials,  l a b o r ,  u t i l i t i e s  and o t h e r  items composing t h e  
product c o s t  ( t o t a l  c o s t  of producing s i l i c o n ) .  The r e s u l t s  g i v e  a t o t a l  
product c o s t  without  p r o f i t  of $22 .62  (1980 d o l l a r s )  and $26 .43  (1982 
d o l l a r s )  p e r  kg. For p r o f i t a b i l i t y ,  t h e  a n a l y s i s  i n d i c a t e s  a sales 
p r i c  e of $35.67 (1982 d o l l a r s )  pe r  kg of s i l i c o n  a t  15  p e r  c e n t  DCF 
(discounted c a s e  f low) ra te  of r e t u r n  on investment a f t e r  t a x e s .  

These c o s t  and p r o f i t a b i l i t y  r e s u l t s  f o r  t h e  HSC p rocess  - Case S 
i n d i c a t e  t h a t  t h i s  new technology shows promise for producing s i l i c o n  
a t  apprec i ab le  lower c o s t  and comprises an a l t e r n a t e  p rocess  capable  
of providing a less c o s t l y  s i l i c o n  m a t e r i a l  for s o l a r  c e l l s .  

5 .  A comparison of Cases A and B of the  HSC p r o r e s s  i s  given below 
f o r  product c o s t :  

$/KG OF SILICON 

Case A Case B 

. Product Cost 
(1980 d o l l a r s )  

. Product Cost 
(1983 d o l l a r s )  

22.65 22.62 

26.46 26.43 

The comparison i n d i c a t e s  t h a t  Case B e x h i b i t s  s l i g h t l y  lower product 
c o s t  ( $ 2 6 . & 3  v s  $:6.46 i n  1982 d o l l a r s ) .  

Although t h e  c o s t  for producing s i l i c o n  i n  Case B is lower than 
Case A ,  i t  should be emphasized t h a t  t h e  magnitud.: of t h e  d i f f e r e n c e  i n  
product c o s t  i s  r e l a t i v e l y  small ($0.03 ou t  of $26.65 pe r  kg i n  1982 
d o i l a r s ) .  This  .Tall d i f f e r e n c e  in product c o s t  is  probably i n  t h e  
no i se  l e v e l  o i  t he  a n a l y s i s .  

6 .  Thc  comparison of p l a n t  investment including f ixed  and working 
c a p i t a l  fo r  Cases A and B i s  summarized below: 
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$ MILLION 

. P l a n t  Investment 
(1980 d o l l a r s )  

. P l a n t  Iavestment 
(1982 d o l l a r s )  

CASE A CASE B 

39.29 

45.18 

39.19 

45.07 

The comparison d i s c l o s e s  t h a t  p l a n t  i n v e s t z z u i  i s  s l i g h t l y  lower ($45.07 
v s  $45.18 m i l l i - n  i n  1982 d o l l a r s )  f o r  Case B .  

For t h e  lower p l a n t  investment fo r  producing s i l i c o n  i n  Case B y  
i t  should a l s o  be noted t h a t  t h e  magnitude of t h e  d i f f e r e n c e  is  
r e l a t i v e l y  s m a l l  ($110,000 o u t  of $45,160,000 i n  1982 d o l l a r s ) .  This 
small  d i f f e r e n c e  i n  p l a n t  investment is probably i n  t h e  n o i s e  l e v e l  
of t h e  a n a l y s i s .  
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ORGINAL PAGE 1s 
OF POOR QUALlW 

APPENDIX A1 SELECTED PROCESS ENGINEERING FOR HI C PROCESS - CASE A 

APPENDIX A1.1-1 
DESIGN SPECIFICATIONS FOd DISTILLATION, D-01 

- Issue No. Issue 1 

1. Process Equipment Name Distillation, D-01 (Stripper Column) 

2 .  Process Equipment Functim Removes Volatile gases frOm 

liquid chlorosilanes 

3 .  Feed Specifications 

1. 

2 .  

3 .  

4. 
5 .  

6 .  

7. 

8 .  

No. of Feeds 1 
No. of Feed Components 8 

Feed Components 
Feed Concentration See Plate-To-Plate* 

Feed Temperature lOOF (37.8CF 
Feed Pressure 90 psia 
Light Key - LK 
Heavy Key - HK 

H , N , SiH , HC1, MCS, DCS, TCS, TET 

Hydrogen Chloride, HC1 
Trichlorosilane, SiHC1, (TCS) 

4 .  Distillate Specifications 
1 .  Recovery of Light Key (LK) in Distillate - 98.6 x 
2, Concentration Spec. low chlorosilanes 

5 .  Bottoms Specificatioqs 

1. Recovery of Heavy Key (HK) in Bottoms 99.9 x 
2 .  Concentrat ion Spec. low volatile gases 

6. General Specifications 

1.  Pressure for Distillation 90 ps ia 
2. Condenser Type partial 

Vapor from top tray is,cooled and collected in accumulator. 
from accumulat<-r is returned to column as reflux. Vapor from accumulator 
is overhead distillate for the column. 

Liquid 

* Feed concentration is fromUnion Carbide Final Report (June,1979): pg .  212 
(flowsheet, stream 125) and pg. E-9 (stream 125 composition, issue 2) 

- - - =  fi moles of i 5n feed 
F total moles X F i  
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OF POOR QUALlW 

APPENDIX Al.1-2 

DESIGN RESULTS FOR DISTILLATION, D-01 

Issue 1 Iosue No. 

2. No. of Equilibrium Feed Tray NF I 9 

3. Tray Efficiency 50 X 
4. No. of Actual Trays Nactual rn 26 

5. No. of Actual Feed Tray N I 18 

6. Tray Spacing 18 in. 
7. Type of Tray Sieve 

8. Column Diameter 1.5-2 (uselft. 

9. Column Height 39 ft.+ends ft. 

F, actual 

10. Reflux Ratio R = 1.90 
11. Design Temp. Top = -29 C (-21F) 

Bottom = 111 c (242F) 

12. Design Pressure 90 ps ia 
13. Materials of Constrdction 3/2 cickel steel 

3. Product Specif icatioris 

1. Yeed Specifications 
See Item 7 of Design Spec. 1. Feed Concentration 

2. Light Kcy - LK 
3. Heavy Key - HK 

Hydrogen Chloride, HC1 

Trichlorosilane, SiHCl, (TCS) 

2. Distillate Specifications 

1. Recovery of Light Key (LK) in Distillate 98.6 X 

2. Concentration Spec. Low Chlorosilanes 

3. Bottoms Specifications 
99.9 1. Recovery of Heavy Key (HK) in Bottoms 

2. Cnnrentration Spec .  LOW Volatile Cases 
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APPENDIX A1 . l - 2  

(Con t inue d 

4 .  Resul ts  for Number of Trays 

Reflux Ratio, No. of Equi l .  Trays, 
R N 

~~ 

1.28  29 

1.3; 22 

1 .40  1 P  

1 .53  J 

1 .78  14 

1 .91  13 

2 .23  12 

2.54 11 

3 . 1 8  10 

3 .82  9 

4 .77  9 

No. of Actual Trays, 

Nac tua 1 - 
58 

44 

36 

32 

28 

26 

24 

22 

20 

18 

18 
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APPENDIX Al.1-3 

PLATE-TO-PLATE RESULTS FOR DISTILLATION, D-01 

DESIeN E M I S  OREINAL PAGE IS 
OF POOR QUALlW 

1. NAME OF TOWER HSC D-01 
2. NUMBER O F  COMPONENTS 8 
3. NUMBER O F  FEEDS 1 
4. LIGHT KEY 4 
5. HEAVY KEY 7 
6 .  TYPE O F  CONDENSER 2 

7. TOWER PRESSURE,mmHq 4653.060 
8. REFLUX RCITIG ,R  1.900 
9. DISTILLATE I N  lb-molelhr 3.854 
10.CONVERGENCE TOLERANCE 0.5000E-03 

1l.SYSTEM IDENTIFICATION ANC ANTOINE COEFFICIENTS 

HZ 
NZ 
Si H4 
HC 1 
MCS 
DCS 
TCS 
TET 

12. FEEDS 

T W Y  NUMBER 
FLOWRATE, mol e/hr 
PRESSURE, mmHg 
THERMAL COND. 
TEMPERATURE, C 

x (HZ) 
X (N2) 
X ( S i H 4 )  
x (HCI. ) 
x (MCS) 
X (DCS) 
X (TCS) 
X ( T E T )  

5.92:00 
6.61130 
7.09738 
7.16759 
b 62743 
6.98990 
6.78393 
6.93 1.26 

9 
O.l782E+03 
0.4653E+O4 
0.1*00€+01 
0.9856E+02 
0.2057E-01 
0. 1900E-04 
0.3000E-05 
3.4960E-03 
0.640CE-04 
0.5819E-02 
0.2498E+0\3 
3 .  7233E+00 

7 1.62000 
264.65100 
703.98700 
744.45900 
753.84900 

1034.46000 
1014.10000 
i 178.84000 

276.35000 
266 . 36200 
278.50200 
258.55000 
231.S5900 
243.40C.00 
227.87200 
233.79700 
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APPENDIX Al.1-3 
(Con t inued 1 

1. TOTAL NUMBER OF TRAYS 13 

3. REFLUX RATIO 1.9 
2 .  FEED TRAYS 9 

? Nf = 9 --- 

N t  = 13 

ORIGINAL PAGE iS 
OF POOR QUALIW 

.9 
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APPENDIX Al.1-3 

(Continued) 

4. FEEDS 

TRAY NUMBER 
FLOWFATE,mole/hr 
PRESSUSE. mmHq 
THEFWlAL C m D .  
TEMPERATURE, C 

X (H2) 
X (N2)  
X ( S i H 4 )  
X (HC1) 
x trlcs, 
X (DCS) 
X (TCS) 
X (TET! 

9 
0.1782€+03 
0.4653€+04 
0.1000€+@1 
@. Q856E+02 
C).2057E-01 
0.190OE-04 
0.3000E-05 
0.4960E-03 
0.64@3€-04 
0.5819E-02 

0.7233€+00 
0.2498E+OO 

5. DISTILLATE AND BOTTOM 

FLOWRATE,nole/hr 
PRESSURE.mmHg 
TEMPERATURE, C 

X (H2) 
X (N2) 
X ( S i H 4 )  
X (HC1) 
X (MCS) 
X (DCS) 
X (TCS)  
X ( T E T )  

D i  ati 1 l a t e  

0.3854€+01 
0.4653€+04 
- -25 14E+02 

0.8824E-03 
0.1387E-03 
C. 2261E-01 
0.8397E-03 
0. 1689E-(1) 1 
0.3607E-02 
0.9756E-05 

0.9550€+00 

ORGINAL PAdE IS 
OF POUR QUALrrV 

B o t t o m  

0.1743€+03 
0.4653€+04 

0.9820tE-Oh 
0.1254E-0 7 
0.1692E-07 
0.1082E-04 
0.4867E-04 
0.5707E-02 

0.7391E+OO 

PARTIAL CONDENSER 

0.1 175€+03 

0.2551E+OO 
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TRAY NUMBER = 1 
COMP X ( 1 )  
ti2 0.1043E-Ql 
NZ 0.13336-04 
Si ti4 0.3569E-04 
tic 1 0.132lE-01 
MCS 0.5204E-02 
DCS 0.5853E+00 
TCS 0.3824€+00 
TET 0.3375E-02 
TEMPERATURE = 
LIQUID FLOWRRTE = 
VAPOR FLOWRCITE = 

TEAY NUMBER = L c, 
COMp X ( I )  
H2  0.3042E-02 
N2 0.2245E -05 
SI H4 0,2976E-05 
HC 1 3- 1045E-02 
MCS 0.1420E-02 
DCS 0. 42 14E+OO 
TCS 0.5624E+OG 
TET 0. 1071F - 0 1  
TEMPERATURE S 

LIOUID FLQWR4TE = 
VAPOfi FLOWRATE = 

TROY NUMBER = 3 
COMF X ( I )  
H2 0.29746-02 
N2 f:). 2123E-05 
Sl H4 C ’ .  1919E-05 
HC 1 0.4892E-03 
MCS 0. 4171E-03 
DC5 0.2636€+90 
TCS i). 704 1 E+iiO 
TET 0.2843E-01 
TEMPERPTURE t 

LIQUID FLOWHATE = 
VAFOR FLOWRATE = 

APPENDIX A1.l-3 
(Continued 1 

Y ( 1 )  
0.9550€+00 
0.8824E-OS 
@.1387E-O3 
0.2261E-01 
0.8397E-03 
0.16896-01 
0.3607E-02 
0 . 9 7 s - 0 5  

30.635 c 
7.323 lb-mole/hr 
11.177 Ib-mole/hr 

Y ( 1 )  
0 . 336 1 E+OC 
0.3r30E-03 
0.712N-04 
0.1645E-01 
0- 36WE-02 
0 I 3893E+00 
0.25 1 B€+OO 
0.2214E-02 

64.783 C 
7.323 1 b-mole/h+ 

1 1.177 1 b-mol e/hr 

Y ( 1 )  
O.S313E+O0 
0.3057E-03 
0.4977E-04 
0.8481E-02 
0.122OE-02 
0.28 19E+00 
0. J697€+00 
0.7022E-02 

70.743 c 
7.323 1 b-mol e/h+ 
11.177 lb-mole/hr 
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APPENDIX Al.1-3 

(Continued) 

TRAY NUMBER = 4 
COMF X ( i )  
HZ 0.2955E-02 
NZ 0.2070E-05 
Si H4 0.1780E-05 
HC 1 C).ii353E-C13 
MCS 0.1764E-03 
DCS 0.1193E+00 
TCS 0.781 1E+00 
TET 0.6594E-0 1 
TEMPERATURE - 
L I Q U I D  FLOWRATE = 
VAPOR FLOWRATE = 

- 

TRAY NUMBER = L) 

COPIF X ( 1 )  
H2 (3.2939E-02 
N2 0.2(.)26€-05 
s1 H4 3.1685E-05 
HC 1 i). 4072E-Lo3 
MCS 0. 1 178E-OJ 
DCS 0 . 7 8 a E - 0  1 
TCS 0. 78 14E+@0 
TE T 0 .1563E+OO 
TEMPERATURE - 
L I Q U I D  FLOWRATE = 
WWOR FLOWRATE =I 

- 

TRAV NdMEER = 6 
CCMF X ( I )  
v2 0.2923E-02 
N2 0. 1984€-05 
s1 H4 0.1597E-05 
HC 1 0. Sf: 1 BE-OS 
MC 5 0.9901E-04 
DC S 0 .  3977E-i) 1 
TLS 0.7057E+OO 
7ET 1:). 25 1 1 E+OO 
TEMFEKATURE - 

L I O U i D  FLOWHATE = 
VAFOR FLOWRATE = 

- 

Y ( 1 )  
0.33 13E+00 
0.3057E-03 
0.4907E-04 
0.81 17E-02 
0.56286-03 
0.1785E+O@ 
0.4626E+O@ 
0.186SE-C* 1 

75.410 C 
7.323 1 b-molelhr 

11.177 lb-mole/hr 

Y ( 1 )  
0.3'; 13E+0@ 
0.3056E-03 
(1). 4898E-04 
a. 8082E-02 
0.4051E-03 
0.1037E+00 
0.5 130E+00 
0.432lE-01 

79.530 c 
7.323 lb-tnole/hr 

11.177 lb-mole/hr 

Y ( 1 )  
0.3312E+O0 
0.3056E-03 
0.4892E-04 
0. d063E-02 
0.3667E-03 
0.5748E-01 

0.8928E-01 
i:). 5 132E+00 

83.725 C 
7.323 lb-mole/hr 

11.177 lb-mole/hr 



TRAY NUMBER * 7 
COMF X ( 1 )  
H2 0.2905E-02 
N2 0.1938E-05 
Si H4 0.1505E-05 
HC 1 0.3556E-03 
MCS 0.88 1 2E-04 
DCS 0.1986E-01 
TCS O15692E+00 
TET 0.4076E+OO 
TEMPERATURE - 
L I Q U I D  FLOWRATE = 
VAPOR FLOWRCITE = 

- 

TRAY NUMBER = 8 
COMP X ( 1 )  
HZ 0.2887E-02 
N2 0.1890E-05 
Si H4 0.14 13E-05 
HC 1 0.3298E-03 
MCS 0 . 79 1 6E-04 
DCS 0.1050E-01 
TCS 0.4076E+UO 
TET 0.5786E+OO 
TEMPERATURE - 
L I Q U I D  FLOWRATE = 
VAPOR FLOWRCITE = 

- 

TRhY NUMFER = 9 
COMP X ( 1 )  
H? 0 I 2870E-02 
NZ 0.1848E-05 
s1 H4 ‘3.1334E-05 
HC 1 (3.3081E-03 
MCS 0.7 197E-04 
DCS 0.641 tE-02 
TCS 0.2624E+OO 
TET 0.7279E+00 
TEMPERATURE = 
LIQUID FLOWRhTE = 
V A f O R  FLOWRATE = 

APPENDIX Al.1-3 

(Continued 

Y ( I )  
0.3312€+00 
0 . 3056E-03 
0.4806€-04 
0.8047E-02 
0.3544E-03 
0.3188E-01 
0.4636E+00 
0.1643€+00 

88.509 C 
7.323 lb-molc/hr 

11.177 lb-mole/hr 

Y ( I )  
0. ?312E+00 
0.305SE-03 
0.4880E-04 
0.8030E-02 
0.3473E-03 
0.1884E-01 
0.3742€+00 
0.2670€+00 

93.721 C 
7.323 1 b-mol e/hr 

11.177 lb-moleihr 

Y ( I )  
0.3312E+OO 
0.3055E-03 
0.4874E-04 
0.8013E-02 
0.3414E-03 
0.1271E-01 
0.2683€+00 
0.379 1 E+OO 

98.564 C 
185.503 lb-mole/hr 

11.177 lb-molr/hr 

- 106 - 



TRAY NUMFEH = 10 
COMP X ( I )  
HZ 0.4052E-03 
N2 0.1729E-06 
Si H4 0.5028E-06 
tic 1 0.1547E-03 
MCS 0.7204E-04 
DCS 0.6456E-02 
TCS 0.2634E+00 
TET 0.7295E+O@ 
TEMFEHATURE - 
LIQUID FLOWRATE = 
VAPOR FLOWHCITE = 

- 

TRAY NUMBER = 11 
COMP X ( 1 )  
H2 0.5698E-04 
N2 0. 16WE-07 
Si  H4 ( 5 .  18 17E-06 
HC 1 0 I 73 16E-04 
MCS 0 I 70i)OE-04 
CIrs 0.6446E-02 
TCS 0.2635E+OO 
TET 0. 72'?8E+O(:) 
TEMPERATURE - 
L I D U I D  FLOWRt1TE = 
VAFOR FLOWRA'iE = 

- 

APPENDIX Al.1-3 ORlGlNAL P A M  IS 
OF POOR QUALITY ( Con t inued 

Y(1) 
0.4762E-01 
0,3067E-04 
0.2 189E-04 
0.4945E-02 
0.436N-03 
0.17486-01 
0.3764E- 
O.J531E+00 

114.588 C 
185.503 lb-molr/hr 
11.177 lb-mole/hr 

Y ( 1 )  
@.6711E-02 
0.2868E-05 
0.8082E-05 
0.2'399E-02 
0.4366E-03 
0.1814E-01 
O.3925E+OO 
@.5798E+0@ 

116.687 C 
185.503 lb-mole/hr 
11.177 lb-mole/hr 

Y ( 1 )  
0. 9304E-03 
0. 2b4 1 E-06 
0 .  3751E--05 

0. 4027C-C,7 
0 .  1798E-Cb 
0.3945EWO 
0.585 1 E+OO 

( 3 .  1 t.t.16E-02 

117.054 C 
1€?3.5(:)3 lb-mole/hr 
11.177 lb-mole/hr 
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TRAY NUMBER = 13 
COMF X ( 1 )  
H2 0.9820E-06 
N2 0.1254E-09 
Si H4 0.1692E-07 
HC 1 0.1 O82E-04 
MCS 0.4867E-04 
DCS 0.5707E-02 
TCS 0.2551€+00 
T E T  0.7391E+OO 
TEMPERATURE z: 

LIQUID FLOWRATE = 
VCIPOR FLOWRATE = 

APPENDIX A 1  . l - 3  

(Cant inued) 

Y ( 1 )  
0.1158E-03 
0.225lE-07 
0.7586E-06 
0.3581E-03 
0.3069E-03 
O.lQZ9E-01 
0.3858E+00 
O.S972E+OO 

117.454 C 
185.503 lb-mole/hr 

11.177 lb-mole/hr 
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APPENDIX A1 .2-1 

DESIGN SPECIFICATIONS FOR DISTILLATION, BO2 

Issue No. 1 

1. Process Equipmwt Nome Distillation, D-02 (TCS Colunm) 

2 .  Process Equipment Function Separation of TCS (Trichlorosilane) and 

TET (Tetrachlorosifane). 

3 .  Feed Specifications 
1. No. of Feeds 3 

2 .  No. of Feed Components 4 

3 .  Feed Components xs. 
4. Feed Concentration S.ee Plate-To-Plate 

5 .  Feed Temperature Se-e P 1 a te-To-P 1 a t e 

6 .  Feed Pressure See Plate-To-Plate 

7 .  Light Key - LK Trichloros ilane 

8 .  Heavy Key - HK Tetrachlorosilane(TET) 

4 .  Distillate Specifications 

1 .  Recovery of Light Key (LK) in Distillate 96 .6  X 
2 ,  Concentration Spec. LOW in E T  

5. Bcttoms Specifications 

1 .  Reco;rery of Heavy Key (HK) i n  Bottoms 98.1 2 

2 .  Concentration Spec. a in ~s TC S 

6 .  General Specifications 

1 .  Pressure for Distillation go psia 

2 .  Condenser Type Total 

- 109 - 



ORIGINAL PAGE 13 
OF POOR QUALITY 

APPENDIX AI. 2-2 

DESIGN RESULTS FOR DISTILIATIOi?, D-02 

Iome No. 1 

1. Process Equipment Name Distillation, D-02 (TCS column) 

2.  Equipment Specifications 
20 

= 9, 12,  15 

1. No. of Equilibrium Trays N - 
2.  No. of Equilibrium Feed Tray NF 
3 .  Tray Efficiency 6 3  x 

3 32 Nactuai 4 .  No. of Actual Trays 
5 .  No. of Actual Feed Tray NF,actual = 16, 19, 24 

6 .  Tray Spacing 24 in. 
J .  Type of Tray Single Pass Flow SeiVe Tray - 
8. Column Diameter 5.5 - ft. 
9. Column Height -64  f t -  + endsft. 

10. Reflux Ratio R = 2 . 0  

11. Design Temp. Top = 91 C 
Bottom = 126 C 

12. Design Pres5ure 90 psia 

13. Material3 of Construction Steel 

3 .  Product Specifications 

1. Feed Specifications 

1. Feed Concentration See Item 7 of Design S p e c .  

2 .  Light Key - LK Trichlorosilane (TCS) 

3 .  Heavy Key - HK Te t r ac h 1 o r  os i 1 ane ( TET 1 

2 .  Distillate Specifications 

1.  Recovery of Light Key (LK) in Distillate 96.6 x 
2 .  Cowentration Spec. See Plate-To-Plate 

3 .  Bottoms Specifications 
1. Recovery of  Heavy Key (HK) in Bottoms 98.1 X 

2 .  Concentration Spec. Sc,e Plate-To-Plate 
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APPENDIX A I .  2-2 

(Continued) 

4 .  Resultt for Number of Trays 

Ref lux Ratio, No. of Equil. Trays, 
R N 

1 35 (16, 26, 30) 
1 . 2  26 (13, 18, 27) 

1.6 22 (10, 1 3 ,  16) 

2 20 ( 9 ,  12, 15) 

2 . 5  i 8  ( 7 ,  10, 13)  

3 . 5  16 ( 6 ,  9 ,  12) 

4.5 15 ( 6 ,  8, 11) 

NOTE : 

No. of Actual Trays 

Nact"al 

56 

42 

35 

32 

29 

26 

24 

Numbers in  parentheses give feed plate  location.  For case of R = 2, 
9, N = 12 and NF3= 15. NF 1= F2 

- 111 - 



ORIGINAL PAGE IS 
OF POOR QUALlW 

APPENDIX A1.2-3 

PLATE-TO-PLATE RESULTS FOR DISTILLATION, D-02 

TREI’S REPORT ON DISTILLATION DESI6N 

DESIGN -1s 

1. NAME OF TOWER HSC D-02 
2. NUMBER OF COMPONENTS 4 
3. NUMBER OF FEEDS 3 
4. L I G H T  KEY 3 
‘5. HEAVY KEY 4 
6 .  TYPE O F  CONDENSER 1 

7. TOWER PR€SSURE,mmHg 4653.060 

9. D I S T I L L A T E  I N  lb-molelhr 256.030 
10. CCIIWERGENCE TOLERANCE 0. 1000E-0 1 

8. REFLUX R A T I O  ,R 2.000 

11.SYSTEM I D E N T I F I C A T I O N  AND ANTOINE COEFFIC IENTS 

MCS 
DCS 
TCS 
TET 

12. FEEDS 

TRAY NUMBER 
FLOWRATE, mol e/hr  
PRESSURE, mmHg 
THERMAL COND. 
TEMPERATURE, C 

X (MCS) 
X (DCS) 
X (TCS)  
X ( T E T )  

6.62743 
6.98990 
6.78393 
6.93126 

753.84900 

10 14. 10000 
1034.46000 

1 178.84000 

32 1.55900 
2 4 3 . 4 0  
2 2 7 . 8 7 2 0 0  
23’5.79700 

14 
0.1743E+03 
0.4653E+04 
0.1000E+O1 
0.1 174E403 
0. OOOOE+OB 
0 . 5 5 i ) O E - 0 2  
0.2552E+OO 
0.7393E+0O 
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APPENDIX A1.2-3 
(Continued 

MSIW RESULTS 

19 

2 

1. TOTAL NUMBER OF TRFIYS 
2. FEED TRAYS 8 11 14 
3. REFLUX RC)TIO 

N f  

Nf 

N f  

N t  
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APPENDIX A1.2-3 
ORIGINAL PAGE IS 

(Continued) OF POOR QUALln 

4. FEEDS 

TRAY NUMRER 
FLOWRATE, m o l e / h r  
PRESSURE, nmHg 
THERMAL COND. 
TEMPERATURE, C 

X (MCS) 
X (DCS) 
X (TCS)  
X ( T E T )  

8 
0.2302E+03 
0.4653E+04 
0.1000E+O 1 
0.1000E+03 

0.7850E+O0 

0.5000E-02 
0.1000E+00 

0.110@E+00 

5. D I S T I L L 4 T E  AND BOTTOM 

D i s t i  1 l a t e  

FLOWRATE, m o l e / h r  C).2560E+03 
PRESSURE, m.;Hg 0.4653E+04 
TEMPERATURE, C 0 . 9 0 8 7 € + 0 2  

X (MCS) 0.4499E-02 
X (DCS) 0. 1034E+00 
X (TCS)  0 .8853E+OO 
X ( T E T )  0.6766E-02 

11 
0.1529€+02 
0.4653E+04 
0.1000E+Ol 
0.1073E+03 
0.0000E+00 
0.1670E+00 
0. S670E+00 
0.2660E+00 

B o t t o m  

0.1638E+03 
0.4653E+04 
0.1259E+03 
0.6225E-17 
0.6635E-05 
0.39 18E-0 1 
0.9608E+OO 

14 
0.1743E+03 
0.4653E+04 
0.1000E+01 
0.1174E+03 
0.0000E+00 
0.5'500E-02 
0.2552E+OC: 
0.7393E+00 

TOTAL CONDENSER 
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TRRY PROFILE 

TRA'r' NUMBER = 1 
CDMF? X ( 1 )  
MCS 0.3 1 74E-03 
DCS 0.5574E-01 
TCS 0.9299E+W 
TET 0.1407E-0: 
TEMPERATURE - 
LIQUID FLOWRATE = 
VAPOR FLOWRATE = 

TRAY NUMBER = 2 
COMF X ( 1 )  
MCS 0.1195E-03 
DCS 0.3776E-01 
TC3 0. 9385E+OO 
TET 0.2357E-01 
TEMPERATURE I 

LIQUID FLOWRATE = 
VAPOR FLOWRATE = 

- 

TRAY NUMBER = 3 

COMF X ( 1 )  
MCS 0. 1096E-03 
DCS 0.3109E-01 
TCS 0. 9329E+O(:) 
TET C.J.3589E-0 1 
TEMFERkTURE - 
LIQUID FLOWRHTE = 

- 

xwoR FLOWRATE = 

APPENDIX A1.2-3 

(Continued) 

Y ( 1 )  
0.4499E-02 
@.1034E+00 
0.8853E+OO 
0.6766E-02 

95.346 C 
512.OrjO 1 b-mole/hr 
768.090 lb-mole/hr 

Y ( I )  
0.171 1E-02 
0.7163E-01 
0.9 150E+(i0 
(3. 1 164E-C) 1 

96.410 C 
512.060 lb-mole/hr 
766.090 1 b-mol e/hr 

V ( 1 )  
0.1579E-02 
0.5965E-0 1 
0.920RE+0(3 
0. 1797E-0 1 

96.966 C 
5 12.060 1 b-mol e/hr 
768.090 1 b-mol e/hr 

TRAY NUMBER = 4 
COMF' X ( 1 )  Y ( 1 )  
MCS 0. 1 C)87E-03 0.1573E-02 
DCS I 2850E-0 f 0. 5520E-0 1 
TCS 0. 9 197E+00 (?.9171€+00 
TET 0 5 1 70E-0 1 (3.2618: '01 
TEMPERATURE - 
LIQUID FLOWRATE 512.060 lb-mole/hr 
VCIFOR FLOWRCITE = 768.090 lb-mole/hr 

.427 c - r-7 

TRPY NUMBER = S 
COFFF X(1) 
MCS 0. 1 OB 1 E-03 
DCS 0. 2733E-C) 1 
TC5 (1) . 9 (1) (39 E + ir 0 
TE r (-1. 7 163E-C) 1 
TEMP E H A T URE 
LIQUID FLOWRATE = 
VAPOR FLOWRATE = 

- - 

V ( 1 )  
0.1'572E-02 
0.5347E-0 1 
0.9082E+OO 
0 .  3672E-0 1 

97.924 c 
5 12. 060 1 b-mi  r', e 'kr 
768.090 1 b-mol e/hr 
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TRAY NUMBER = 6 
COMP X ( 1 )  
MCS 0.1075E-03 
DCS 0.2661E-01 
TCS @.87716+@0 
T E T  Ln. 96 1 5E-(3 1 
TEMPERATURE - 
L I Q U I D  FLOWHATE = 
VAPOR FLOWRCITE = 

- 

TRAY NUMBER = 7 
COMF X ( 1 )  
MCS (1.1067E-03 
DCS 0.2599E-01 
TCS 0.8485€+00 
TET @.1254E+OO 
TEMFERATURE - 
L I Q U I D  FLOWRATE = 
V A P 3 F  FLOWRATE = 

- 

TRAY NUHFER = 8 
COMP X ( 1 )  
MCS 0. 1 Q58E-03 
DCS 0.2537E-01 
TCS 0.  €3 155E+00 
TET 0. 159 1 E+@O 
TEMPERATURE - 
L I O ! J I D  FLOWRATE = 
VAPOR FLOWRATE = 

- 

7RAV NUMBER = 9 
COVF X ( 1 )  
MCS 0.68 17E-05 
DCS 0.1365E-01 
TCS 0. 769';E+@(:) 
T E  T 0. ,'171€+0Ct 
TEMPERATURE - 
L I Q U I D  FLRWRATE = 
VAFOR FLOWRATE = 

- 

TRAY NUMBER = 10 
COMF X ( I )  
MCCi 0 .  4858E-06 
DCS 0. 794C)E-(32 
TCS 0.  6932E+(70 
TET (?. 2988E+O(:) 
TEMFERFITlJRE - 
LIQUID FLOWRATE = 
VAPOR FLOWRGTE = 

- 

APPENDIX Al.2-3 ORIGINAL PAGE IS 
(Continued) OF POOR QlJALlTY 

V ( 1 )  
0.1572E-02 
0.5269E-0 1 

0. S001E-01 
0.8957E+OO 

98.512 C 
512.060 1 b-mol e/hr 
768.090 lb-mole/hr 

Y ( 1 )  
0.1571E-02 
0.5221E-01 
0.8799€+00 
0.6636E-01 

99.212 C 
512.060 1 b-mol e/hr 
768.090 lb-moleihr 

Y ( 1 )  
0. l57lE-02 
0.5180E-01 
0.8608E+00 
0.8586E-3 1 

100.028 C 
742.29:) ?b-mole/hr 
768.090 lb-mole/hr 

Y ( I )  
il. 1 (;)3L3E-03 
0.2901E-01 
0.8479E+OO 
0.1230€+00 

102.032 c 
742.290 lb-mole/hr 
768.090 1 b-mole/hr 

Y ( 1 )  
0. 7521E-05 
0.1768E-01 

0.1791E+O0 
C).8032E+OO 

lQ4.377 C 
742.29C) 1 b - m o l  e/hr 
768.090 lb-mole/hr 
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TRCIV NUMBER = 11 
C O W  X ( 1 )  
rlcs 0.8811E-67 
DCS 0.5163E-02 
TCS (3 I 5926E+00 
TET 0 .  4Q22E+(:10 
TEMPERATURE - 
LIQUID FLOWRATE = 
VAPOR FLOWRATE = 

- 

TR4Y NUMBER = 12 
COMF X ( I )  
MCS 0.6202E-07 
DCS 0.2489E-02 
TCS i?.4787E+00 
TET 0.5 188E+00 
TEMPERATURE - 
LIQUID FLOWRATE = 
VAFOR FLOWRATE = 

- 

APPENDIX A1.2-3 

( Con t inued 

Y ( 1 )  
0.1402E-05 
0.1217E-01 
0.7298€+00 
0.2581E+OO 

107.2PO C 
757.540 lb-mole/hr 
768.090 1 b-molelhr 

Y ( 1 )  
0. IO20E-05 
0.6271E-02 
0.6330E+00 
0.36076+00 

110.749 C 
757.540 lb-mole/hr 
768.090 lb-mole/hr 

Y ( 1 )  
0.9940E-06 
0.3634E-02 
0. 5206E+OO 
0.4757E+OO 

114.268 C 
757 540 lb-mole/hr 
768.090 1 b-mol e/hr 

Y ( 1 )  
0.9906E-06 
0.251 1 E-02 
0. 4 102E+OO 
(:).5873E+OO 

117.408 C 
731.87O 1 b-mol e/ hr 
768.090 1 b-mol e/hr 

Y ( I )  
0.6123E-1 1 
0 .  1370E-02 
0. 3242E+OO 
(3 .  6748E+OO 

119.7'; C 
931.87(.) lb-mole/hr 
768. i:YO 1 b-mo! e/hr 

ORIG1NAL PAG4 2s 
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TRAY NUMBER = 16 
COMP X(1) 
MCS 0.2290E- 1 3 
DCS 0.1407E-03 
TCS 0.1461E+00 
TE T 0.8538E+OO 
TEMPERATURE - 
LIQUID FLOWRATE = 
VAPOR FLOWRATE = 

- 

TRAY NUMBER = 17 
COMP X(1) 
MCS 0.1505E-14 
DCS 0.53 1 OE-04 
TCS 0.9925E-0 1 
TET 0.9007E+00 
TEMPERATURE = 
LIQUID FLOWRATE = 
VAPOR FLOWRATE = 

TRAY NUMBER = 18 
COMP X ( 1 )  
MCS 0.9772E-16 
ucs ( 3 .  1 93 1 E-04 
TCS 0.6424E-01 
TET 0. 9357E+00 
TEMPERATURE - 
L I Q U I D  FLOWRATE = 
VAPOR FLLIWRATE = 

- 

TRAY NUMBER = 19 
COMP x (1) 
MCS 0.6225E- 17 
DCS 0.6635E-05 
TCS 0.3918E-01 
TET 0.9608E+00 
TEMPERATURE - 
LIQUID FLOWRATE = 
VAPOR FLOWRATE = 

- 

APPENDIX A1.2-3 
(Continued 1 

'{(I) 
0.4164E-12 
0.4348E-03 
0.2405E+OO 
0 . 759 1 E+OO 

121.856 C 
931.870 1 b-mol e / h r  
768.090 lb-mole/hr 

Y ( 1 )  
0.2778E-13 
0.1693E-03 
0.1689E+00 
0.83 1 OE+OO 

123.588 C 
931.870 1 b-mol e/hr 
768.090 lb-mole/hr 

Y ( 1 )  
0.182JE-14 
0.6301E-04 
0.1121E+00 
0.8879E+00 

124.914 C 
931.870 lb-mole/hr 
768.090 lb-mole/hr 

Y ( 1 )  
0.1172E-15 
0.2202E-04 
0.6959E-0 1 
0.9304E+00 

125.880 C 
931.870 lb-n:ole/hr 
768.090 1 b-mol e / h r  
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1. Process Equipment 

APPENDlX Al.3-1 

DESIGN SPECIFICATIONS FOR DISTILLATION, D-03 

Name 

Issue No. 1 

Distillation, D-03 (DCS Column) 

2 .  Process Equipment Function Separation of DCS (Dichlorosilane) and - 
TCS (Trichlorosilane) . 

3 .  Feed Specifications 

1. No. o f  Feeds 1 
2 .  No. of Feed Components 4 

3 .  Feed Components Mcs, DCS, TCS, TET 

4 .  Feed Concentrati, .I See Plate-To-Plate 
5. Feed Temperattire See Plate-To-Plate 

6. Feed Pressure 90 Psia 

7. Light Key - LK ~ichlorosilane ( ~ s )  

8. Heavy Key - HK m r o  silane (XS) 

4 .  Distillate Specifications 

1. Recsvery of Light Key (LK) in Distillate 93-1 x 
2 ,  Concentration Spec. Low TCS, TET 

5. Bottoms SDecifications 

1. Recovery of Heavy Key ( H K )  in Bottoms 99-7 2 

2. Concentration Spcc. Low in MCS, DCS 

6 .  General Specificaticns 

1. Pressure for Distillation 90 p s  i a  

2 .  Condenser Type Partial 

Requi rpd  amcilnt f o r  feed of CVD reactors is drawn from t h e  t o p  of 
this column in vapor phase. It is then mixtured with H? and f e d  
to CVD reactors. O n l y  r e f l u x  flow is condenscd and fed back to column. 
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APPENDIX AI. 3-2 

DESIGN RESULTS FOR DISTILLATION. D-03 

Isrue No. 1 

1. Process Equipment Name Distillation, D-03 (DCS Column) 

2.  Equipment Specifications 
1. No. of Equilibrium Trays N = 20 

3 .  Tray Efficiency 63 x 
2 .  No. of Equilibrium Feed Tray NF = 11 

4 .  No. of Actual Trays Nactual 3 32 

5 .  No. of Actual Feed Tray N 
6. Tray Spacing 18 in. 

7. Type of Tray Single Pass Crossflow Seive Tray 

= 16 
F, actual 

8. Column Diameter 4 ft. 
9. Column Height 48 ft. + ends ft. 
10. Reflux Ratio R = 15 

11. Design Temp. Top = 52 C 

1 2 .  Design Pressure 90 psia 

13 .  Materials of Construction 

Bottom = 97 ~ C 

3 .  Product Specifications 

1. Feed Specifications 

1. Feed Concentration See Item 7 of ljesign Spec. 
2 .  Light Key - LK Dichlorosilane (DCS) - 
3 .  Yeavy Key - HKTrichlorosilane (TCS) 

2 .  Distillate 'Specifications 

1. Recovery of Light Key (LK) in Distillate 93.1 x 
2 .  concentration Spec. See Plate-To-Plate 

3 .  Bottoms Specifications 
1. Recovery of Heavy Key (HK) in Bottoms 99.7 x 
2 .  Concentration Spec, See Plate-To-Plate 
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APPENDIX A1.3-2 

(Con t h u e d  

4 .  Results  for  Number of Trays 

Reflux Ratio, 
R 

No. of Equi l .  ‘rrays, 
N 

12 

14 

15  

20 

25  

30 

29 (13) 

23 (12) 

20 (11) 

18 (11)  

17 (10) 

16 (10) 

No. of Actual Trays 

Nactual  

47 

37 

32 

29 

27 

26 
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APPENDIX A1.3-3 

PLATE-TO-PLATE RESULTS FOR DISTILLATION, D-03 

TREI’S REPORT ON D I S T I U A T I ~  DESIBN 

DESIGN BCISIS 

1. NAME OF TOWER HSC D-03 
2. NUMBER OF COMPONENTS 4 
3. NUMEER OF FEEDS 1 
4. L I G H T  KEY 2 
5 .  HEAVY KEY 3 
6. TYPE OF CONDENSER 3 

7. TOWER PRESSURE, mmHg 4653.0440 
8. REFLUX R A T I O  , R  15.000 
9. D I S T I L L A T E  I N  lb-mole/hr 26.300 
l ( 3 .  CONVERGENCE TOLERANCE 0.5000E-03 

11.SYSTEM X D E N T I F I C f i T I O N  CIND A N T O I N E  C O E F F I C I E N T S  

MCS 
DCS 
TCS 
fET 

12. FEEDS 

TRAY NUMFER 
FLOWRATE, molelhr  
PRESSURE mmHq 
THERMAL COND. 
TEMPERATURE,C 

x (MCS) 
Y ( D C S )  
X ( T C S )  
X ( T E T )  

6.62743 753.84900 23 1.55900 
6.98996 1034.46000 243.40600 
6.78393 10 1 4. 10000 227.07200 
6.93126 1178.84000 233.79700 
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APPENDIX AI. 3-3' 

(Con t inu ed 1 

1. I'OTbL NUMBER OF TRAYS 
2. FEED TRAYS 
3. REFLUX RATIO 

20 
11 
15 

Nf = 11 --- > 

Nt = 20 

ORIGINAL PAGE W 
OF POOR Q U A L I N  

D 

15 
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APPENDIX A 1 . 3 - 3  

(Continued ) 

4.  FEEDS 

TRAY NUMBER 
FLOWRATE, mol e/hr 
PRESSURE mmHg 
THERMAL COND. 
TEMPERATURE,C 

X (MCS) 
X (DCS) 
X (TCS) 
X (TET) 

5. DISTILLATE AND 

FLOWRATE,mole/hr 
PRESSURE, mmHg 
TEMPEHATURE,C 

X (MCS) 
X (DCS) 
X (TCS) 
X (TET) 

11 
0.2565E+03 
0.4653E+04 
0.1000E+01 
0.9337E+02 
0.4487E-02 
0.1034E+00 
O.8856E+00 
0.6476E-02 

BOTTOM 

D i s t  i 1 l a t e  

0.2630E+02 
0.4653E+04 
0.6525E+02 
0.4356E-01 
0.9390E+O0 
0.1747E-01 
i!. 3055E-07 

ORIGINAL PAGE IS 
OF POOR QUALITV 

Bottom 

0.2302E+03 
0.4653E+04 
0.9742E+02 
0.4086E-07 
0.7623E-02 
0.9838E+00 
0.8595E-02 

PfiRTIAL CONDENSER 
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TRAY FROFILE 

TRAY NUMBER = 1 
COMP X ( 1 )  
MCS 0.1583E-01 
DCS 0.9480E+00 
TCS 0.36 17E-0 1 
TET 0.135BE-06 
TEMPERATURE 
L I W I D  FLOWRATE = 
VAPOR FLOWRATE = 

I 

TRAY NUMBER = L r, 
COMP X ( I )  
MCS 0.6209E-02 
DCS 0.9240€+00 
TCS 0.6980E-01 
TET (I.5508E-06 
TEMPERATURE - 
LIQUID FLOWRATE = 
VAPOR FLOWRCITE = 

- 

TRAY NUMBER = 3 
COMP X ( 1 )  
MCS 0 .  2?35E-(:)2 
DCS 0.8696E+00 
TCS 0. 1275E+OtI 
TET 0.  2 1 13E-05 
TEMFERATURE - 
LIUUID FLGWRATE = 
VAPOR FLOWRATE = 

TFtfSY NUMBER = 4 
COMF X ( 1 )  
MCS 0 .  1805E-02 
DCS 0. 7798E+OO 
TCS 0 .  2 184E+Oi) 
TET i).7588E-05 
TEMPERATURE - 
LIQUID FLOWRATE = 
VAPOR FLOWRATE = 

- 

APPENDIX A1.3-3 '  

(Continued) 

Y ( 1 )  
0.4356E-01 
0.9390E+OO 
0.1747E-01 
0.3055E-07 

67.587 C 
394.500 lb-mole/hr 
420.800 1 b-mol e/hr 

Y ( 1 )  
0.1756E-01 
0. 9474E4OO 
0.3500E-0 1 
0.1292E-06 

68.999 C 
394.500 1 b-mole/hr 
420.800 1 b-mol e/hr 

Y ( I )  
0.8544E-02 
0.9249E+UO 
0. 6653E-0 1 
0.5183E-05 

70.509 c 
3'34.500 1 b-mol e/hr  
420.8UO 1 b-mol e/hr 

Y ( I )  
0.5474E-02 
0. 8'739E+-00 
0.  1206E+00 
0.1983E-05 

72.h86 C 
394.500 lb-mole/hr 
420.600 1 b-mole/hr 

Y I I )  
(5 .  44 14E-02 
0. /897€+00 
0. 2059E+00 
C;. 7 1 16E-05 

75 .814  C 
394.500 1 b-mol e/hr 
47 ,800 1 b-mol e /hr  

OWINAL PAGE fS 
OF POOR QUALITY 
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(Con t inu ed 

ORIGINAL PA&!@ lS 
OF POOR QUALITY 

TRAY NUMBER = 6 
COMP X ( I )  
MCS 0.1161E-02 
DCS 0. 5(:186E+0O 
TCS 0.4902€+00 
TET 0. 73 l5E-04 
TEMPERATURE - 
LIQUID FLOWRATE = 
V W O R  FLOWRATE = 

- 

TRAY NUMBER = 7 
COMP x (I) 
MCS (1). 1025E-(]2 
DCS (5. 3687E+OO 
TCS 0. 630 1 E+oC] 
TET 0.1917E-03 
TEMPERATURE - 
LIQUID FLOWRATE = 
VAPOR FLOLJKATE = 

- 

TRAY NUMBER = 9 
COMP X ( I )  
MCS 0. 9208E-03 
DCS 0 .  ~"J&~E+(:I ( : )  
TCS 0. 74 13E+CW 
TET 0. 4558E-03 
TEMFEHATCJPE - 
LiOUiD FLOWR'ATE = 
VAFOR FLOWRATE = 

- 

Y ( J !  
0.4010E-02 
0.6723€+00 
0.3237E+00 
0.2335E-04 

79.765 C 
394.500 lb-mole/hr 
420.800 lb-mole/hr 

Y ( 1 )  
0.381 1E-02 
0.5355€+00 
0.4607€+00 
0.6858E-04 

83.946 C 
394.900 lb-mole/hr 
42(3.800 1 b-mol e/hr 

Y ( 1 )  
0.3684E-01 
0. 4043E+OO 
0.59 18E+00 
0. 1798E-03 

87.623 C 
394.5(:10 1 b-mol e /hr  
420.800 1 b-mol e /hr  

Y ( 1 )  
0. 3594E-02 
0. 2994E+C)O 
0. 6966E+OO 
< I .  4273E-03 

90.379 c 
Z94.5'30 1 b-mole/hr 
420.800 1 b-mol e / h r  
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TRQY NUMEEK = 11 
COMF X ( 1 )  
MCS 0.80 17E-0s 
DCS 0. 1016E+00 
TCS 0. B932E+00 
TET 0.4361E-02 
TEMPERATURE - 
LIQUID FLOWRATE = 

- 
vwcm FLOWHEITE = 

TRAY NUMBER = 12 
COMP X ( 1 )  
MCS 0.2805E-03 
DCS 0.8452E-01 
TCS 0.9 1 O8E+O0 
TET 0.4394E-02 
TEMPERATURE - 
LIQUID FLUWRATE = 
VAFOR FLOWRATE = 

- 

TRAY NUMBER = 13 
COMP X ( 1 )  
MCS 0.9722E-04 
DES 0.6904E-01 
TCS 0.  9264€+00 
TET 0.4422E-02 
TEMPERATURE - 
L-IBUID FLOWRATE = 
V W O R  FLOWHATE = 

- 

rww NUMBER = 14 
COMP X ( I )  
MCS G. 3339E-04 
DCS (:I. 55SSE-0 1 
TCS 0. 94(:)2E+0O 
TET 0.4448E-02 
TEh?ERATURE 
LICN.IID FLOWW'TE = 
VAFOR FLOWRATE = 

- 

TRAY NUMBER = 15 
COMP x ( I )  
MCS 0. 1137E-04 
DCS 0.4345E-0 1 
TCS (11. 952 1 E+(:)(:) 
TET 0.  4478E-02 
TEMPERATURE - 
L i f l U I D  FLOWRATE = 
VAPOR FLOWHATE = 

- 

V ( I )  
0.3497E-02 

0 I 8 13SE+00 
0.1995E-02 

0. iaioE+w 

93.37s c 
651.030 1 b-mol e /hr  
420.800 lb-mole/hr 

V ( 1 )  
0.1239E-02 
0.1529€+00 
0.84385+00 
0.2049E-02 

94.130 C 
651.030 Ib-mole/hr 
420. 600 ib-molelhr 

) ' ( I )  
0.4339E-03 
0.1266€+00 

0.2096E-02 
0.8709€+00 

94.777 c 
651.030 1 b--mole/hr 
420.800 lb-mole/hr 

Y ( 1 )  
0.1504E-03 
0. 1026E+00 
0.8951E+00 
0.2139E-02 

9s. 342 c 
651.030 lb-mole/hr 
420.800 lb-mole/hr 

Y ( 1 )  
0. 5 163E -04  
0.8143E-01 
0.9 163E+00 
0.2 1 80E-02 

95.832 c 
651.0'50 lb--mole/hr 
420.800 1 b-mol e/hr 
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APPENDIX A 1  .3-3 

(Continued) 

THaV NUMBER = 16 
c o w  X ( I )  
MCS 0.7844E-05 
DCS (:I. 3335~-01 
TCS 0.9621E+00 
TET 0.4526E-02 
TFMFEt3ATUHE - 
L I Q U I D  FLOWRATE = 
VOF'OR FLOWROTE = 

- 

TRAY NUMBER = 17 
COMP X ( 1 )  
MCS 0. 1289E-05  
DCS 0.2491E-01 
TCS Q .  97U5€+00 
TET 0.4637E-02 
TEMPERATURE I 

L I B U I D  FLOWRATE = 
VAPOR FLOWRATE = 

TRAY NUMBER = 18 
COMP Y ( I )  
MCS 0. 4267E-06 
DCS 0 .  1 793E-0 1 
TCS 0 .  977 1 E+O!:) 
TET (1). 4943E-(II2 
TEMPEEATUHE - 
L I Q U I D  FLOWHATE = 
VAPOR FLOWh.lTE = 

- 

TRA'f NlJMEER = 19 
COMF X ( 1 )  
MCS 0. 1375E-06 
DCS 0. 1224E-01 
TCS 0 .  98 1 9 E + 0 0  
TET 0 .  5852E-02 
TEMP ERA T U R E 
LIQUID FLOWRATE = 
VAFOH FLOWRATE = 

- - 

Y ( 1 )  
0.1757E-04 
Q.630EJE-0 1 
0 .9347E+OO 
0.2226E-02 

96.252 C 
651.030 1 b-mal e/hr 
420.800 lb-mole/hr 

Y ( I )  
0. S924E-05  
0.4743E-01 

0.2301E-02 
0.9503E+OO 

96.607 C 
431.030 1 b-mole/hr 
420. a<)@ 1 b-mol e/hr 

Y ( 1 )  
0.1Q71E 05 
0.3436E-0 1 
0. 9632E+OO 
0.247 1 E-02 

96.906 C 
6'51.033 1 b-mol e/hr 
420.800 1 b-mol e/hr 

Y ( 1 )  
i) I 6378E-06 
0. 2357E-0 1 
0 .9735E+OG 
0.2945E-02 

97.167 c 
651 - S S 0  lb-mole/hr 
420.8C10 1 b-mol e/nr 
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APPENDIX A2 SELECTED PROCESS EYGINEERING FOR HSC PROCESS - CASE B 

APPENDIX A2.1-1 

DESIGN SPECIFICATIONS FOB DISTILLATION, D-01 

Issue No. - Issue 1 

1. Process Equipment Name Distillation, E O 1  (Stripper Column) 

2.  Process Equipment Function Removes volatile gases from 

liquid chlorosilanes 

3 .  Feed Specifications 

1. No. of Feeds 1 

2 .  No. of Feed Components 8 

3 .  Feed Components 
4. Feed Concentration See Plate-To-Plate 

5 .  Feed Temperature lOOF (37.8C) 
6 .  Feed Pressure 90 psia 

7 .  Light Key - Li< Hydrogen Chloride, €IC1 

8. Heavy Key - HK Trichlorosilane, SiHC13 (TCS) 

H2, N2, SiH4, HC1, MCS, DCS, TCS, TET 

4. Pistillate Specifications 

i .  Recovery of Light Key (LK) in Distillate 98.6 x 
2 ,  Concentration Spec. low chlorosilanes 

5 .  Bottoms Specificztions 
1. Recovery of Heavy Key (HK) in Bottoms 9 9 . 9  x 
2 .  Concentration Spec. low volatile gases 

6 .  General Specifications 

1.  Pressure for Distillation 90 psia 
2 .  Condenser Type partial 
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APPENDIX A2.1-2 

DESIGN RESULTS FOR DISTTLLATION, D-91 

2. Equipment Specificatione 

1. No. of Equilibrium Trays N - 13 
9 

NF a 2. No. of Equilibrium Feed Tray 
3. Tray Efficiency 50 x 
4. No. of Actual Trayo Nactual a 26 

5 .  No. of Actual Feed Tray N 
6. Tray Spacing 18 in. 
7. Tyee of Tray Sieve 

8. Column Diameter 2 . 5 - 2  (uselft. 

9. Column Height 39 ft.+ends ft. 

I 18 F, actual 

10. Reflw Ratio i7 - 1.90 

11. Design Temp. Top = -29 C (-21F) 
9ottom l l f  C (242F) 

12. Defign Pressure 90 psie 

13. Materials of Construction 312 nickel steel 

3. Product Spec if icat ions 
1. Feed Specifications 

Sec Item 7 of  Design Spec. 1. Feed Concentratim 

2 .  Light Kzy - LK 
3. ksvy Key - HK 

Hydrogen Chloride, HC1 

Trichloroeilane, SiHC1, (TCS) 

2. Distil?ate Specifications 

1. Recovery of Light Key (LK) in Dietillate x 
2. Ccncentration Spec. Lov Chlorosilanes - 

3. Bottom Specificationo 

I. Recovery of Heavy Key (HK) in Bottoma 9 9 . 9  

2. Concentration Spec. LOW ‘Joldtile Gases 
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APPENDIX A2.1-2 

(Continued) 

4. Results for Number of Trays 

Ref lux Ratio, 
R 

No. of Equil. Traye, 
N 

1.28 

l.31 

1.40 

1.53 

1.78 

1.91 

2.23 

2.54 

3.18 

3.82 

4.77 

29 

22 
18 

lb 

14 

13 
12 

11 
10 

9 

9 

No. of Actual Trays, 
- N * C t ” d  

58 

44 
36 

32 
28 
26 

24 

22 

20 

18 

18 
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APPENDIX A2.1-3 
PLATE-TO-PLATE RESULTS FOR DISTILLATION, D-01 

TREI'S REPORT ON DISTILLATION DESIGN 

DESIGN BCISIS 

ORWNAL PAGE !S 
OF POOR QUALITY 

1. NAME OF TOWER HSC D-01 
2. NUMBER OF COMPONENTS 8 
3. NUMBER !3F FEEDS 1 
4. LIGHT KEY 4 
5. HEFIVY KEY 7 
6. TYPE O F  CONDENSER 2 

7. TOWER PRESSURE.mmHg 4653 I 060 
8. REFLUX R A T I O  , R  1 . 900 
9. D I S T I L L A T E  I N  lb-mole/hr 3.854 
10. CONVERGENCE TOLERANCE 0.5000E-03 

11.SYSTEM IDENTIF ICCtT ION AND ANTOINE COEFFIC IENTS 

HZ 
N2 
Si H4 
HC 1 
MCS 
DCS 
TCS 
TET 

12. FEEDS 

TRAY NUMBER 
FLOWRATE,mole/hr  
PRESSURE, mmHq 
TH€RMAL COND. 
TEMPERATURE, C 

X !HZ) 
X (NZ) 
X (S iH4)  
X (HC1)  
X (MCS) 
X (DCS) 
X (TCS)  
>: ( T E T I  

5.92 1 oo 

7.09738 
6.61130 

7.16759 
6.62743 
6 I 98990 
6.78393 
o. 931 26 

7 1 .. 62000 
703.98700 
744.48900 
753.84900 

1034. 46000 
1014. 10000 
1 178.84000 

26f*. 65 100 
2'76.35000 
266.36200 
278.50200 
258.55000 
23 1.55900 
243.40600 
227.87200 
233.79700 
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(Continued) 

DESIBN RESULTS 

1. TOTAL NUMBER OF TRAYS 
2. FEED TRAYS 
3. REFLUX RATIO 

13 
9 
1.9 

N f  

N t  

ORIGINAL PAdE IS 
OF POOR QUALITY 

.9 
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APPENDIX A2.1-3 

(Continued) 
4. FEEDS 

TRAY NUMBER 
FLOWRATE, mol e/hr 
PRESSURE , mmHg 
THERMAL COND. 
TEMPERATURE, C 

X (H2)  
X (N2) 
X (S iH4)  
X (HC1)  
X (MCS) 
X (DCS) 
X !TCS) 
X ( T E T )  

9 
0.1782€+03 
0.4653E+04 
0.1000E+01 
0.9856E+O2 
0.2057E-0 1 
0.1900E-04 
0.3000E-05 
0.4960E-03 
0.6400E-04 
0.58 19E-02 
0.2498E+00 
0.7253€+00 

5. D I S T I L L A T E  AND BOTTOM 

FLOWRATE, mole/hr 
PRESSURE, m m H g  
TEMPERATURE, C 

x (HZ) 
X (N2) 
x ( S l H 4 )  
X (HC1)  
X (MCS)  
x ( D C S )  
X (TCS)  
X I T E T )  

D i s t i  1 l a t e  

C).3854E+01 
0.4653E+04 -. 25 14E+02 

U.8824E-03 
0. 1 S 8 7 E - 0 3  
0 I 226 1 E-0 1 
0.8397E-03 
0. 1689E-0 1 
0.3607E-02 
0.9756E-05 

0 .9550E+OO 

E o t t a m  

0.1743E+03 
0.4653E+04 
0.1 17SE+03 
0.9820E-06 
0.1254E-09 
0.1692E-07 
0.1082E-04 
0.4867E-04 
0.5707E-02 
0.2551E+00 
0.7391E+00 

P A R T I A L  CONDENSER 
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(Continued) 

TRAY PROFILE 

TRAY NUtIBER = 1 
COMF x ( 1 )  
HZ (I. 1 0 4 3 ~ - 0  1 
N2 <).133,7E-iJ4 
Si H4 (1). 3569E-(:)4 
HC 1 e. 1321E-(I)1 
MCS 0.5204E-02 
DCS LI. 58!53E+00 
TCS 0.3824E+0O 
TET 0.3375E-02 
TEMPERATURE - 
LIQUID FLOWRATE = 
VFIPOR FLOWRFITE = 

- - 

TRAY NUMBER = 2 
COMF X ( I )  
H2 0.3042E-(32 
N2 0.2245E-05 
Si t i4 0.2976E-05 
HC 1 0. 1045E-02 
MCS 0.1420E-02 
DCS 0.42 14E+OC) 
TCS 0.5624E+00 
TE T 6. 1071E-01 
TEMPERA? URE - 
LIQUID FLOWRATE = 
VFSPOR FLOWRFITE = 

- 

TRAY NLlMEEfi = 3 
COMP X ( I )  
HZ 0.2974E-(32 
N2 0 I 2 123E-05 
Si H4 0.1919E-OS 
HC 1 0.4832E-63 
MCS 0.4171E-2)3 
DCS 0.2636E+C!0 
TCS 0. 7G4 1 E + i - K j  

TET 0.2843E-0 1 
TEMPERATURE - 
LIOUED FLOWRATE = 
VAPOR FLOWRATE = 

- 

Y ( 1 )  
0.9553E+OO 
0.8824E-03 
0.1387E-03 
0.2261E-01 
0.8397E-03 
0.1689E-0 1 
0.3607E-02 
0.9756E-05 

.30.635 C 
7.323 lb-male/hr 

11.177 lb-mole/hr 

Y ( I )  
0.3361E+00 
0 .3  130E-03 
0.7120E-04 
0.1645E-01 
0.3699E-02 
0.3893E+OO 

0.2214E-02 
v. 25 18E+00 

64.783 C 
7.323 1 b-molelhr 

11.177 lb-mole/hr 

Y I I )  
0. 331 3E+00 
0 .  3t357E-03 
0.4977E-04 
0.848 1 E-02 
0. 1220E-02 
0.28 \9E+00 
0.3697E+00 
(3 .  7022E-02 

70.743 c 
7.323 lb-mole/hr 

11.177 lb-molelhr 

- 136  - 



TRAY NUMBER = 4 
COMP X ( 1 )  
Y 2  0.2955E-02 
N2 0.2070E-05 
Si H4 0.178OE-05 
HC 1 0.4353E-03 
MCS O.1764E-03 

TCS 0.781 lE+O@ 
TET 0. b594E-0 1 
TEMPERCITURE - 
LIOUID FLOWRCITE = 
VAPOR FLOWRATE = 

DCS 0.1493E400 

- 

TRAY NUMBER = 5 
COMF X ( I )  
H2 0.2939E-02 
N2 0.2026E-05 
S i  H4 0.1685E-05 
HC 1 0.4072E-03 
MCS 0.1178E-03 
DCS 0.7885E-01 
TCS 0. 78 14E400 
TET 0 .  1363E+OO 
TEMPERATIJRE - 
LIOUID FLOWRATE = 
VAPOR FLOWRATE = 

- 

TRAY NUMBER = 6 
COMP X(1)  
HZ 0.2923E-02 
N2 0 .  198aE-05 
s1 H4 0.1597E-05 
HC 1 0. 38 18E-03 
MCS 0.990 1 E-v4 
DCS 0.5977E-01 
TCS 0.  7057E+00 
TET 
TEMPERATURE - 
LIQUID FLOWRATE = 
VCSFOR FL-OWRATE = 

0 .  25 1 1 E +OO 
- 

APPENDIX A2.1-3 

(Continued 

V ( 1 )  
0.3313E+00 
0.3057E-03 
0.4907E-04 
0.8117E-02 
0.5628E-03 
0.1785E+O0 
0.4626E+00 
0.1863E-01 

75.410 C 
7.323 lb-mole/hr 

11.177 lb-molelhr 

Y ( 1 )  
0.33 13E400 
0.3056E-03 
0.4898E-04 
0.8082E-02 
0.4051E-03 

0.5 130E+00 
0.4321E-01 

0.1037E+00 

79.530 c 
7.323 Ib-mole/hr 

11.177 lb-mole/hr 

Y ( 1 )  
0.33 12E+00 
0. '3056E-03 
0.4892E-04 
0. €!063E-02 

0.5748E-0 1 

0.8928E-0 1 

0.3667E-C)3 

0.  5 132E+00 

83.725 C 
7.323 1 b-mol eihr 

11.177 1b-mole/hr 
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(Con t inued 

TRAY NUMBER = 7 
COMP X ( 1 )  
H2 0.2905E-02 
N2 0.1938E-05 
Si ti4 0.1505E-05 
HC 1 0.3556E-03 
MCS 0.8812E-04 
DCS O.1986E-0 1 
TCS 0. 5692E+OO 
TET 0.4076E+00 
TEMPERATURE - 
LIQUID FLOWRATE = 
VAPOR FLOWRATE = 

- 

TRAY NUMBER = 8 
c a w  X ( I )  
HZ 0.2887E-02 
NZ ( 3 .  1890E-05 
S i  H4 0 .  14 13E-05 
HC 1 0. 3298E-03 
MCS 0.791bE-04 
DCS 0. 1 050E-0 1 
TCS 0.4076E+OO 
TET 0 .) 5786E+(:)O 
TEMPERA TURE - 
L I Q U I D  FLOWRATE = 

- 

v w a K  FLOWRATE = 

TRAY NCIMBER = Y 
COMF X (1 )  
H2 0. 287LlE-02 
NZ 0.1848E-05 
s1 H4 (1. 1334E-(:l5 
HC 1 0.308 1 E-03 
MCS ( 3 .  7 19x5-04 
DCS C).&411E-02 
TCS 0. 2624E+00 
TET 0.7279E+OQ 
TEMPERATURE - 
LIOUID FLOWRATE = 
VAFOH FLOWRATE = 

- 

Y ( 1 )  
0.3312E+00 
0.3056E-03 
0.4886E-04 
0.8047E-02 
0.3544E-OS 
0.31BBE-01 
0.4636E+00 
0.1645E+OG 

88.509 C 
7.323 lb-mole/hr 

11.177 lb-mole/hr 

Y ( 1 )  
0.331 2E+OO 
0.3055E-03 
0.4880E-04 
0.803OE-02 
0.3473E-03 
0.1884E-0 1 
0.3742E+O0 
0. 2670E+OO 

9- 3 . 721 c 
7.323 1 b-mol e/hr 

11.177 Ib-moleihr 

Y ( 1 )  
0. 33 1 ZE+O(] 
0.3055E-0.5 
0.4874E-04 
0.8OlSE-02 
0.34 14E-03 
0.1271E-G1 
0. 2689E+OO 
0.3791E+OU 

98.564 C 
185.503 lb-mole/hr 

11.177 lb-male/hr 
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TRAY NUMBER = 10 
COMP X(1) 
H2 0.4052E-03 
N2 ( 3 .  1729E-06 
Si HI) 0.5028E-06 
HC 1 0.1547E-03 
MCS 0.7204E-04 
DCS 0.6456E-02 
TCS 0.2634€+00 
TET 0.7295€+00 
TEMPERATURE = 
L I Q U I D  FLOWRATE = 
VAPOR FLOWRATE = 

APPENDIX A2.1-3 

(Con t inued 

TRAY NUMBER = 11 
COMF X(1) 
H3 0.5698E-04 
N2 0.1603E-07 
Si H4 0. 1817E-06 
HC 1 0.7316E-04 
MCS 0 .  7000E-(34 
DC5 0.6446E-02 
TCS 0.2&';5€+00 
TET 0.7298Ec00 
T E Pl P E K A T UR E 
LIOUID FLOWRATE = 
VAPCIH FLOWRATE = 

- - 

TRAY NUMBER = 12 
COMP X(1) 
H2 0.7897E-05 
N2 0. 1474E-Cj8 
Si H4 0.6161E-67 
HC 1 0.3 174E-04 
MCS 0.6423E-04 

TCS 0.  263C)E+OO 
TET 0. 7336E+C)(] 
TEMPERATURE - 
LIQUID FLOWRRTE = 
VAFOR FLOWRATE = 

DCS (1) I 6345E-02 

- 

Y(1) 
0.4762E-01 
0.3067E-04 
0.2 189E-04 
0.4945E-02 
0.4360E-03 
0.1748E-01 
0.3764E+00 
0.5531E+00 

114.588 C 
185.503 l b - m o l e / h r  
11.177 l b - m o l e l h r  

Y(1) 
0.6711E-02 
0.2868E-05 
0.8082E-05 
0.2399E-02 
0.4366E-03 
0.1814E-01 
0.3925€+00 
0.5798E+00 

116.687 C 
185.503 l b - m o l e / h r  
! 1.177 l b - m o l e / h r  

Y ! I )  
0.9304E-03 
(5.264 1 E-06 
0.2751E-05 
0,1046E-02 
0.4027E-03 
0. 1796E-(1) 1 
0. 3945E+OO 
0.585 1 E+OO 

117.054 C 
185.503 1 b - m o l  e/hr 

11.177 l b - m a l e / h r  
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TRAY NUMBER = 13 
COMP X ( 1 )  
H2 0.9820E-06 
N2 0.1254E-09 
Si H4 0.1692E-07 
HC 1 0.1082E-04 
MCS 0.4867E-04 
DCS U. 5707E-02 
TCS 0.2551€+00 
TET 0.739 1 E+OO 
TEMPEfWTURE xu 

L I U U I D  FLOWRATE = 
VAPOR FLOWRATE = 

APPENDIX A2.1-3 

(Con t h u e d  

Y ( I )  
0.1158E-03 
0,225 1E-07 
0.7586E-06 
0.3981E-03 
0.3069E-03 
0.1629E-01 
0.3858€+00 
0.5972E+00 

117.454 C 
185.503 lb-mole/hr 

11.177 I t  -mnle/hr 

ORIGINAL PAGE IS 
OF POOR QUALITY 
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APPENGZ A2.2-1 

DESIGN SPECIFICATIONS FOR DISTILLATION, D-02 

1 Issue No. 

TET (Tetrachlorosilane). 

3. Feed Specifications 

1. No. of Feeds 3 

2. No. of Feed Components 5 
3. Feed Components SiH4, MCS, DCS, TCS, TET 

4 .  Feed Concentration See Plate-To-Plate 

5. Feed Temperature See Plate-To-Plate 

6. Feed Pressure See Plate-To-Plate 
7. Light Key - LK Trichlorosilane (TCS) 
8 .  Heavy Key - Tetrachlorosilane (TET) 

4 .  Distil late Spec ifications 

1. Recovery of L i g h ~  Key (LK) in Diotillate 96.6 x 
2, Concentration Spec. Low in TF r 

5. Bottoms Specifications 

1. Recovery of Heavy Key (HK) in Bottoms 98.1 x 
2. concentration Spec. LOW in MCS, DCS and TCS 

6. General Specifications 

1. Preseure for Dietillation , go pa i a  
2. Condeneer Type 
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APPENDIX A2.2-2 

DESIGN RESULTS FOR DISTILLATION, D-02 

2. Equipment Specifications 
1. No. of Equilibrium Trays N = 15 

2. No. of Equilibrium Feed Tray 4, 8, 11 % .I 
3. Tray Efficiency 63 x 
4. No. of Actual Trays NBCtuP1 I 24 

5. Nc. of Actual Peed Tray N - 7, 13, 18 

6. Tray Spacing 

7 .  T Y P ~  of Tray 

F ,actual 
24 in. - 

Single Pass Flow Seive Tray 

8. Column Diameter 5.5 ft. 

10. Reflu Ratio R - 2.0 

11. Design Temp. Top = 97.2 -C 

12. Design Pressure 90 ps ia 
Bottom 125.4 C 

- 13. Materials of Construction 

3. Product Specifications 

1. Feed Specifications 

1. Feed Concentration 

2 ,  Light K~~ - LK 
3 .  Heavy K~~ - HJ( 

See Item 7 of Design Spec* 

Trichlorosilane (TCS) 

Tetrachlorosilane 

2. Distillate Specificatione 
1. Recovery of Light Key (LK) in Distillate 96.6 X 
2. Concentratioii Spec. See Plate-To-Plate 

3. Bottoms Specifications 
1. Recovery of Heavy Key (HK) in Bottame 98.1 x 
2. Concentration Spec. sop P W - T O - ~  
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( Ccn t inu ed 

4. Results for Number of Trays 

Reflux Ratio,  
R - 

1 

1.5 

2 

2 . 5  

3 

4 

5 

No. of Equil ,  Trays, 
N 

24 (9, 15, 20) 

18 ( 6 ,  11, 14) 

15 ( 5 ,  8,  11) 

14 ( 5 ,  7 ,  11) 

13 ( 5 ,  7 ,  10) 

12 ( 4 ,  6,  9 )  

11 (4,  6 ,  9 )  

No. of Actual Trays 

'ac tu a 1 

39 

29 

24 

23 

20 

18 

NOTE : 

Numbers in parentheses g ive  feed p l a t e  loca t ion .  
N = 5 ,  NF2= 8 and NF3- 11. 

- 
For case of R = 2 ,  

F1 
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APPENDIX A2.2-3 

PLATE-TO-PLATE RESULTS FOR DISTILLATION, D-03 

TREI'S REWRT ON DISTILLC\TION DESIGN 

1. 
2. 
3. 
4. 
5. 
6. 

7. 
8. 
9. 

NAME OF TOWER D-02 FOR CASE B O f  HSC PROCESS 
NUilBER OF COMPONENTS 5 
NUMBER OF FEEDS 3 
L I G H T  KEY 4 
HEAVY KEY 5 
TYPE OF CONDENSER 1 

TOWER PRESSURE,mmHg 4653.060 

D I S T I L L A T E  I N  lb-molelhr 256.900 
REFLUX R A T I O  9 R  2.000 

10.CONVERGENCE TOLERANCE 0.5000E-03 

11.SYSTEM I D E N T I F I C A T I O N  AND ANTOINE COEFFIC IENTS 

Si H4 
MCS 
DCS 
TCS 
TET 

12 - FEEDS 

TRAY NUMBER 
FLOWRATE, mol e/hr 
PRESSURE, mmHg 
THERMAL COND. 
TEMPERATURE, C 

X ( S i H 4 )  
x (MCS) 
X (DCS) 
X ( T C S )  
X ( T E T )  

7.09738 
ti. 62743 
6.98998 
6.78593 
6.93126 

e 
.J 

( 3 .  2306E+03 
0.4653E+04 
0. 1 @00E+@ 1 
0.101 lE+03 
0.9071E-16 
0.1152E-06 
0. 77fibE-(32 
0.8754E+OO 
( 3 .  1 167€+00 

703.98700 
753.84900 

1034.46000 
1014. 10000 
1 178.84000 

278.50200 
32 1.55900 
243.40600 
227.87200 
233.79700 

11 
0.1743€+03 
0.4653€+04 
O. l00OE+O 1 
0 1 179E+03 
C). 0000E+OO 
0.0000E+OO 
0.5500E-02 
0.2!552€+00 
@.7393E+OO 
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1. TOTAL NUMBER OF TRAYS 1s 
2. FEED TRhYS 5 9 11 

2 3. REFLUX R A T I O  

Nf 

Nf 

Nf  

N t  

i 5 --- > 

= 8 --- > 

3 11 --- > 

= 15 
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APPEYDIX A2.2-3 

(Continued) 

4. FEEDS 

TROY NUMBER 
FLTJWROTE. m o l  e/hr 
PRESSURE, mmHg 
THERMAL COND. 
TEMPERATUSE. C 

X (S1H4) 
X (MCS) 
X (DCS) 
X (TCS) 
X (TET) 

5 
0. 2306E+03 
0.4653€+04 
0.1000E+Ol 
0.101 1E+03 
0.9071E-16 
@.1152E-0& 
0 . 7  756E-02 
0.8754€+00 
0.1167Et00 

8 
0.1525€+02 
0.4653E+04 
0.1000€+01 
0.107BE+03 
C).OU00E+OO 
0.0000€+00 
0.1670E+00 
0.5670E+00 
0.2670€+00 

11 
0.1743€+03 
0.4&53E+04 
0 . 1000E+O 1 
0.1 179E4 03 
0.000OE+00 
0.0000E+00 
0.5SOOE-02 
0.2552€+00 
0.7393E+OO 

5 .  DISTILLATE AND BOTTOM 

Di sti 11 ate Bottom 
TOTAL CONDENSER 

FLOWRATE, m o l  e/hr 
PRESSURE, mmHg 
TEMPERATURE. C 

X (S iH4)  
X (MCS) 
X (DCS) 
X (TCS) 
X (TET) 

0.2569E+03 
@.4653E+04 
0.97 13E+02 
0.8142E-16 
0.1361E-(76 
0.2060E-01 

0.2010E-01 
0.95Y3E+00 

0.1633E+03 
0.4653E+04 
0.1254E103 
0.5356E-34 
0.273lE-20 
0.1604E-04 
0.5233E-0 1 
0.9477E+00 
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APPENDIX A2.2-3 
(Con t inued ) 

TRAY PROFILE 

TRAY NUMBER = 1 
COMP X ( I )  
Si H4 0.2244E-17 
MCS 0.9354E-38 
DCS 0.1051E-01 
TCS 0.9503E+00 
TET 0.3915E-01 
TEMPERATURE - 
L I Q U I D  FLOWRCITE = 
VCIPOR FLOWRATE = 

- 

TRAY NUMBER = 2 
COMP X ( 1 )  
Si H4 0.7829E- 1.8 
PlCE 0.3523E-08 
DCS 0.6983E-02 
TCS 0.9302€+00 
TET 0.628 1 E-.O 1 
TEMPERATURE -- 
L I Q U I D  FLOWRCITE := 
V W O R  FLOWRATE = 

-- 

TRAY NUMBER = 3 
COMP X ( 1 )  
Si H4 0.7502E-18 
MCS 0.3234E- .08 
DCS 0.57 15E-02 
TCS 0.9029E+OO 
TE T 0.9140E-01 
TEMPERA'i2:RE - 
L I Q U I D  FLOWRATE = 
VAPOR FLOWRFtTE = 

- 

TRAY NUMBER = 4 
COMP x (I) 
Si H4 0.7428E-18 
MCS 0.3 196E-08 
DCS 0.52 1 OE-02 
TCS 0.8700€+00 
TET ( 3 .  1248E+OO 
TEMPERATURE - 
L I Q U I D  FLOWRATE = 
VAPOR FLOWRATE = 

- 

Y ( I )  
0.8142E-16 
0.1361E-06 
0.2060E-01 
0.9593€+00 
0.2010E-01 

97.984 C 
5 13.800 1 b-mol e/hr 
770.700 lb-mole/hr 

OhlGINAL PAGE fS 
OF POOR QUALITY 

Y ( 1 )  
0.2864E- 16 
0.5 16OE-07 
0.1386E-0 1 
0.9533€+00 
0.3280E-G1 

98.679 C 
513.800 lb-mole/hr 
770.700 lb-mole/hr 

Y ( 1 )  
0.2766E- 1 6 
0.4772E-07 
0.1152E-01 
0.93996+00 
0.4858E-01 

99.390 c 
513.800 lb-mole/hr 
770.700 lb-mole/hr 

Y ( 1 )  
0.2764E-16 
0.4752E-07 
0.1 O68E-0 1 
0.92 1 7E+00 
0.6764E-01 

100.196 C 
513.800 l b  -mole/hr 
770.700 1 &-,no1 e/hr 



TRAY NUMBER = 5 
COMF X ( I )  
Si H4 0.73'51E-18 
MCS 6.3 166E-08 
DCS 0.4954E-02 
TCS 0.8328E+OO 
TET (1. 1622E+OO 
TEMPERATURE - 
LIQUID FLOWRATE = 
VAPOR FLOWRATE = 

- 

APPENDIX A2.2-3  

(Con t inue d 1 

TEAY NUMBER = 6 
CGMP x ( I )  
Si H4 0.1853€-?9 
MCS 0.9175E-09 
DCS 0.4336E-02 
TCS 0.7722E+0O 
TET 0.2235E+OO 
TEMPER4TURE r 

LIQUID FLOWR4TE = 
V W O R  FLOWRATE = 

TRCIY NUMBER = 7 
COMP x ( I )  
Si H4 0.4257E-22 
MCS 0.7585E-09 
DCS 0 .I 3894E-02 
TCS 0.6865E+00 
TET 0 .  3096E+00 
TEMPERATURE = 
LIQUID FLOWRATE = 
VAPOR FLOWRATE = 

TH4Y NUMBER = R 
c o w  x (I) 
Si H4 0. 0000E+00 
MCS 0.7282E-09 
DCS 0.3486E-02 
TCS i). 5794E+OB 
TET 0. 4171E+00 
TEMPERATURE - 
LIQUID FLOWRATE = 
VAPOR FLOWFiATE = 

- 

Y ( 1 )  
0.2764E-16 
0.4750E-07 
0.1034E-0 1 
0.8998€+00 
0.8989E-01 

101.104 C 
744.400 1 b-molelhr 
770.700 lb-mole/hr 

Y ( I )  
0.7088E-18 
0.1397E-07 
0.9331E-02 
0.8622€+00 
0.1285€+00 

102.639 C 
744.400 2 h - m o l  e/hr 
770.700 1 b-mol e/hr 

Y ( 1 )  
0.1669E-19 
0.1180E-07 
0.8734E-02 
0.8037E+00 
O.l877E+W 

104.862 C 
744.400 lb-mole/hr 
770.700 lb-mole/hr 

Y ( I )  
0.0000E+00 
0.1164E-07 
0.8297E-02 
0.72 1 OE+OO 
0.2708E+O0 

107.784 C 
759.650 lb-mole/hr 
770.700 lb-mole/hr 
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APPENDIX A2.2-3 

(Continued) 

TRAY NUMBER = 9 
CDMP X ( 1 )  
Si H4 0.000(3E+00 
MCS 0.7037E-09 
DCS 0.1837E-02 
TC5 0.46 18E+00 
TET 0. 5364E.i-00 
TEMPERATURE - 
L I Q U I D  FLOWRaTE = 
V W O R  FLOWRATE = 

- 

TRAY NUMBER = 10 
COMP X ( 1 )  
Si H4 (3. 0@00E+00 
MCS 0.6798E-09 
DCS 0.1122E-02 
TCS 0 .I 3495€+06, 
TET 0.6494E+00 
TEMPEROTURE - 
L I Q U I D  FLOWRATE = 
VOPOR FLOWRATE = 

- 

TRAY NUMBER = 11 
CUHF X ! I )  
Si H4 0 . 0000E+00 
MCS 0.6597E-09 
DCS 0.8151E-C)3 
TCS 0.2563E+@O 
TET 3.7429E+OO 
TEMPERATURE - 
L I Q U I D  FLOWFATE = 
VAFOR FLOWRATE = 

- 

TRAY NUMBER = :2 
COMP X ( 1 )  
Si H4 U. 3326E-29 
MCS 0.9868E- 17 
DCS 0.3273E-03 
TCS 0 .1876E+OO 
TET @.8121E+00 
TEMPERATURE - 
L I Q U I D  FLOWRATE = 
VCIPOR FLOWRfiTE = 

- 

Y ( 1 )  
u.0000E+00 
0.1 163E-07 
0.4677E-02 
0.6177€+00 
0.3776€+00 

111.308 c 
759.650 1 b-mol e/hr 
770.700 Ib-molelhr 

Y ( I )  
0.0000E+00 
0 .1  160E-07 
0.3052E-02 
0.5O18E+O0 
0 .4952E+OO 

114.840 C 
759.650 1 b-mol e/hr 
770.700 lb-mole/hr 

Y ( 1 )  
a. S)OOOE+00 
0.1158E-07 
0.2347E-02 
0.39 1 1 E+OO 
Ci.6066E+00 

117.932 C 
933.980 1 b-mal e/hr 
770.700 lb-molelhr 

Y ( 1 )  
0.1537E-27 
0.1770E-15 
0.9847E-03 
C~.3000€+00 
0.6990E40 

120.353 C 
933.980 lh-mole/hr 
770.700 lb-mole/hr 
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APPENDIX A 2 . 2 - 3  

(Continued) 

TRAY NUMPER = 13 
COMF X ( 1 )  
Si H4 0.854 1 E-3 1 
MCS 0.6543E- 18 
DCS 0. 1259E-03 
TCS C). 1299E+O@ 
TET 0.  87(:li:)E+(:)c) 
TEMPERATURE = 
LIQUID FLOWRATE = 
V A ~ O R  FLOWRATE = 

TRAY NUMBER = 1 4  
CDMF X ( I )  
Si H4 0 .  2 157E-33 
MCS 0. (1 "73E- 1 9 
DCS 0.4634E-04 
TCS 3.8512E-01 
TET 0 .  Q 146E+OO 
TEMPERATURE - 
L I R U I D  FLOWHATE = 
VAPOR FLOWRATE = 

- 

Y ( 1 )  
0.4031E-29 
0.1196E-16 
0.3932E-03 
0.2 16'ZE+QO 
0.7834€+(:)0 

122.449 c 
933.980 1 b-mol e/hr 
770.700 lb-molelhr 

Y ( 1 )  
0. 103SE-30 
0.7923E-18 
0. i 49 1 E-03 
0.1463E+O@ 
0. 8536E+00 

:24,119 C 
933.980 lb-molelhr 
770.700 lb-molelhr 

Y ( I )  
0.2602E-32 
0.5120E.-19 
cJ.5276E-04 
0 .  YZ06F-0 1 
0. 9079€+06 

125.371 C 
?33.980 lb-molelhr 
-770.700 lb-molelhr 
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APPENDIX A2.3-1 

DESIGN SPECIFICATIONS FOR DISTILLATION, D-03 

Issue No. 1 

1. 

2. Process Equipment Function Separation of DCS (Dichlorosilane) and 

Process Equipment Name - Distillation, D-03 (DCS Column) 

TCS (Trichlorosilane). - 
3. Feed Specifications 

1. No. of Feeds 1 

2. No. of Feed Components 5 
SiH4, MCS, DCS, TCS, TET 3. Feed Components 

4 .  Feed Concentration See Plate-To-Plate 

5. Feed Temperature See Plate-To-Plate 
6. Feed Pressure 90 Psia 

7. Light Key - LK Dichlorosilane (DCS) 

8. Heavy Key - Trichlorosilane (TCS) 

4 .  Distillate Specifications 

1. Recovery of Light Key (LK) in Dietillate 93.1 x 
2, Concentration Spec. Low TCS, TET 

5. Bottoms Specification8 
1. Recovery of Heavy Key (HK) in Bottom 99.7 x 

Low in MCS, DCS 2. Concentration Spec. 

6. General Specifications 

1. Pressure for Distillatiou 90 psia 
2. Condenser Type 

- 151 - 



. ”  
OKGiiiAi F;~Jc :.Y 

OF POOR QUALITY 

APPENDLX A2.3-2 

DESIGN RESULTS F9R DISTILLATION, D-03 

1 Iiruc No. 

1. Process Equipment Name Distillation, D-03 ( x s  Colum) 

2 .  Equipment Specifications 
1. No. of Equilibrium Trays 1.1 = 

3 .  Tray Efficiency 63 x 

20 

11 ‘F 2.  No. of Equilibrium Feed Tray 

I 32 

= 
Nac tual 4. No. of Actual Trays 

5 .  No. of Actual Feed Tray NF,actual 
6 .  Tray Spacing 18 in. 

16 

7 .  Type of Tray 

8.  Column Diameter 4 ft. 
9 .  Column Height 48 ft. + ends ft. 

single Pass Crossflow Seiw Tray 

10. Reflux Ratio R = 15 
11. Design Temp. Top = 5;  C 

12 .  Design Pressure 90 psia 
13. Materials of Construction Steel 

Bottom 97 C 

3 .  Product Specifications 

1. Feed Specifications 

2 .  Distillate Specifications 
1. Recovery of Light Key (LK) in Distillate 93.1 2 

2 .  Concentration Spec. See Plate-To-Plate 

1. Recovery of Heavy Key (HK) in Bottnme 99.7 x 
3 .  Bot toms Specifications 

2 .  Concentration spec. See Plate-To-Plate 
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APPENDIX A2.3-2 

(Con t i nu e d 

4. Results for Number of Trays 

Reflux Ratio, 
R 

No. of Equil. Trays, 
N 

10 

12 

15 

20 

25 

40 

30 (15) 

25 (14) 

20 (13) 

18 (12) 

17 (11) 

16 (11) 

No. of Actual Trays 
N a C t U a l  

48 

40 

32 

29 

27 

26 
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APPENDIX A2.3-3 

PLATE-TO-PLATE RESULTS FOR DISTILLATION, U-03 

TREI'S REPORT ON DISTILLATION DE818)J 

DESI(3N BASIS 

1. NAME OF TOWER D-03 F3R CASE I3 OF HSC PROCESS 
2. NUMBER OF COMPONENTS 5 
3. NUMBER OF FEEDS 1 
4. L I G H T  KEY 3 
5. HEAVY KEY 4 
6. TYPE OF CONDENSER 3 

7. TOWER PRESSURE, mmHg 4653.060 
8. REFLUX RATIO ? R  15.000 
9. D I S T I L L A T E  I N  lb-mole/hr 26.300 
10.CONVERGENCE TOLERANCE 0. JOOOE-03 

11.SYSTEM I D E N T I F I C ~ T I O N  AND CSNTOINE COEFFIC IENTS 

Si H4 
MCS 
DES 
TCS 
TET 

12.FEEDS 

THCSY NUMBER 
FLOWHATE, mol e/hr 
PRESSURE, mmHg 
THERMfAL COND. 
T€MPERATUHE,C 

X (SiH4) 
X (MCS) 
X (DCS) 
x (TCS) 
X ( T E T )  

7.09738 703,98700 278.50200 
6.42743 753.84900 231.55900 
6.98990 1'334.46000 243.40600 
6.78393 1014.10000 227.87200 
6.93135 1 1713.84000 233.79700 

12 
0. 2569E+03 
0.4653E+04 
0 . 1  O00E+O 1 
O19454E+02 
0.4430E-03 
(3.67906-02 

0.7878E+OO 
0 . 1 0 0 0 E + 0 0  

0 . 1 0 5 0 E + 0 0  
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APPENDIX A2.3-3 

(Con t inued 1 

DESIGN RE%LILTS 

1. TOTCIL NUMBER O F  TRAYS 
2. FEED TRAYS 
3. REFLUX RATIO 

20 
12 
15 

ORIGINAL PA:*, .., 
OF POOR QUALITY 

P 
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4. FEEDS 

TRAY NUMBER 
FLOWRATE, mol e/hr  
PRESSURE, mmHg 
THERMAL COND. 
TEPPERATURE C 

X ( S i H 4 )  
X (MCS) 
X (DCS) 
X (TCS) 
X (TET) 

5. DISTILL TE AND 

APPENDlX A2.3-3 
(Cont h i e d )  

12 
0.2569E+03 
0. 4653E+04 
0. 1000E+01 
0.94!34E+U2 
0.4430E-03 
0.6790E-02 
0. 1000E+00 
0 .7878E+OO 
0 . 1  OeJOE+00 

OTTOM 

D i  sti 1 1  ate 

FLOWRATE, molet’hr 0.263C.,E+02 
PRESSURE, mmHg (3.4653E+Q4 
TEMPERATURE,C 0.5946E+02 

X (S iH4)  0.4383E-02 
X (MCS) 0.67 19E-0 1 

X (TCS) 0.8002E-02 
X (TET) 0.9476E-07 

X (DCS) (3.9204E+OO 

Bottom 
PARTIAL CONDENSER 

0.2306€+03 
0.4653E+04 
0.9989E+02 
0.9071E-16 
0.1516E-06 
0.7756E-02 
0.8754E+O0 
0 . 1  169E+00 
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APPENDIX A2.3-3 

(con t i n u  ed 1 

TRClY PROFILE 

TRAY NUMBER = 1 
COMP x ( I )  
Si H4 0. 1792E-03 
MCS 0.25OOE-Ol 
DCS ( 3 .  9577E+OO 
TCS 0.1712E-Ol 
TET 0.4369E-Ot5 
TEMPERATURE - 
L I Q U I D  FLOWRATE = 
VAPOR FLOWRATE = 

- 

TRAY NUMBER = 2 
COMP X ( I )  
Si H4 (2 .  1769E-04 
MrS C ' .  9971E-02 
DCS 0.956 1 E+OO 
TCS 0.3'394E-01 
TET 0.1827E-05 
TEMPERATURE - 
L I Q U I D  FLOWHATE = 
v w m  F L O W R ~ ~ T E  = 

TRAY NUMBER = 3 
COMP X ( 1 )  
Si H4 0. 1 147E-04 
MC2 0. 4792E-02 
DCS 0. 9307E+OO 
TCS 0.6449E-0 1 
TET 0 .  7332E-135 
TEMPERATURE -- 
LIQUID FLOWRATE = 
VAFOR FLOWRATE = 

-- 

TRAY NUMBER = 4 
C O W  x ( 1 )  
s1 H4 0. 1 105E-C)4 
MCS CI. 2999E--02 
DCS 0. 8794E+60 
TCS 0 .  !.17SE+00 
TET 0.2825E-04 
TEMPERATURE - 
LIUUID FLOWHATE = 
VAPOR FLOWRATE = 

I 

ORIGINAL PAGE !S 
OF POOR QUALITY 

Y ( I )  
0.438bE--O2 
O.6719E-01 
0.9204E+00 
0.8002E-02 
0.9476E-07 

66.368 C 
394.500 1 b-mol e/hr 
420.800 1 b-mol e / h r  

Y ( I )  
0. 44 19E-03 
0.2713E-01 
(3.9554€*00 
0.1655E-01 
0.4155E-06 

67.946 C 
394.5UO 1 L-mol e /hr  
420.8C0 lb-mole/hr 

Y (I) 
0.2905€-(:)3 
0.1355E-0 1 
0. 9938E+OO 
0.3232E-0 1 
0.1719E-05 

68.978 C 
3 9 E  . ' 500  1 b-mol e/hr 
4 2 ~ .  800 1 b-mol e / h r  

Y ( i )  
0. 2847E-03 
0.8692E-02 
SI. 9301E+C10 
0.6096E-0 1 
0 .  6e8CE-05 

70. 272 C 
3Y4.500 1 b-mol e/hr 
4 2 0 . 8 U O  1 b-mol e/hs 
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MPEYDIX A2.3-3 

(Con t h u e d  ! 

TRAY NUMBER = 5 
COMF x (1 )  
Si H4 0.1974E-04 

DCS 0.7949E+OO 
TCS 0.2027E+00 
TET 0. 1026E-03 
TEMPERCSTURE - 
LIQUID FLOWRATE = 
VAPOR F'LCWRATE = 

KCS 8.2530E-02 

- 

TRAY NUMBER = 6 
COMP X ( I )  
Si H4 0. 1032E-04 
MCS 0.2007E-02 
DCS 0.674!5€+00 
TCS 0. 3232E+OO 
TET 0.3422E-03 
TEMPERATURE - 
LIQUID FLOWRFITE = 
VAPOR FLOWRATE = 

- 

TRAY NUMBER = 7 
COMP X ( I )  
Si HS 0.9811E-05 
MCS 0.1782E-02 
DCS 0.5239E+OO 
TCS 0.461 3E+00 
TET 0.1024E-02 
TEMPERATURE - 
LIQUID FLOWRATE = 
VGPOR FLOWRATE = 

TRCSY NUMBER = 8 
CUMP X(1) 
Si HJ 0.9288E-05 
MCS 0. i596E-02 
DC S 0.386YE+C)0 
TCS 0.6088E+00 
T E  T 0.2729E-02 
TEMPERATURE - 
LIBUII? FLOWRFITE = 
VAPOR FL0WRC)TE .= 

- 

Y ( I )  
0.2843E-03 
0.701 1E-02 
0.8820E+OO 
0.1107€+00 
0.2k49E-04 

72.265 C 
394.500 1 b-mol e/hr 
420.800 1 b-mole/hr 

Y ( I )  
0.2840E-03 
0.6383E-02 
0. 8028~+a0 
C).1905E+00 
0.96 1 9E-04 

75.228 C 
394.500 1 b-mol e/hr 
420.8~30 lb-mole/hr 

Y ( I )  
0.2836E-03 
0.6081E-02 
0.6808E+00 
0.3035€+00 
0.3209E-03 

79.094 c 
394.500 lb-mole/hr 
420.800 lb-mole/hr 

Y ( I )  
0.2831E-03 
0.5870E-02 
0.5543€+00 
0.4385E+OO 
0.9601E-03 

83.334 C 
394.500 1 b-mol e/hr 
420.800 lb-molelhr 
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APPENDIX A 2 . 3 - 3  

(Continued 1 

TRAY NUMBER = 9 
COMF X ( I )  
Si H4 0.884 1 E - 0 5  
HCS 0.1447€--02 
DCS 0.2692E+O0 
TCS 0.7228E+00 
TE T 0.6556E-02 
TEMPERATURE - 
LXQUID FLOWRATE = 
V W O R  FLOWRATE = 

- 

TRAY NUMBER = 10 
COMF X ( 1 )  
Si H4 0.8505E-05 
MCS 0.134OE-02 
DCS 0.1857E+00 
TCS 0.7934E+0@ 
TET 0.1453E-01 
TEMPERATURE - 
L I Q U I D  FLOWRATE = 
VAPOR FLOWRATE = 

- 

TH&Y KUMEER = 11 
CUMP X I I )  
Si  i(4 ( 3 .  B266E-05 
MCS 0.1266E-02 
DCS 0. 132 1 E+OO 
TCS 0. 8362E+00 
TE T 
TEMPERATURE - 
LIQUID FLOWRATE = 
VAPOR FLOWHAlE = 

(1) I 3354E-0 1 - 

TRAY NClMEER = 12 
COMP X ( I )  
Si HJ 0.8077E-<l5 
MCS 0. 12 1 1 E-02 
DCS 0.  9943E-01 
TCS 0.6390E+OU 
TET 0 . 6 0 3 6 E - 0  1 
TEMPEhCSi IJRE = 
L I Q U I D  FLOWRATE = 
VfiPQR FLOWRATE = 

Y ( I )  
0.2826E-03 
0.5695E-02 
0.4203€+00 
0.57 12E+OO 
0.258E-02 

87.223 C 
394.500 lb-mole/hr 
420.800 lb-molelhr 

Y ( I )  
0.2822E-05 
0.5556E-02 
c .  3099E+00 
0.6781€+00 
0.6146E-02 

90.315 c 
394. Si10 1 b-mol e/hr 
420.800 lb-molelhr 

Y ( 1 )  
0.2819E-03 
0.5456E-02 
0. 23 16E+O0 
0.749.3€+@0 
0. 1362E-01 

92.635 C 
394 .500  1 b-mol e/hr 
420.800 1 b-wol e/hr 

Y ( I )  
0.28 17E-03 
0.5386E-02 
0. 18 1 4E+OCl 
0.704SE+00 
0. L3844E-'3 1 

94 .529 c 
651 .410  lb-mole/hr 
420.80'3 lb-mole/hr 
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TROY NUMBER = 13 
COMP X ( 1 )  
Si H4 0.3554E-06 
MCS 0.4164E-03 
DCS 0.8065E-0 1 
TCS 0.8581E+OO 
T E T  0 .  6082E-01 
TEMPERATURE - 
LIQUID FLOWRATE = 
VAPOR FLOWRATE = 

- 

APPENDIX A2.3-3 

(Con t h u e d  1 

TRAY NUMBEF. = 14 
COMF X ( 1 )  
Si H4 (3  I 1547E-07 
MCS 0 .141  1E-03 
DCS 0.6587E-01 
TCS 0.874~7E+O@ 
TET U.6130E-01 
TEMPERATURE = 
LIQUID FLOiJRATE = 
VAPOR FLOWRATE = 

TRAY NUMBER = 15 
COMF X ( I )  
Si H4 0 I 6&9C)E-09  
MCS 0.4734E-04 
DCC 0.4947E-01 
TCS 0.888&+00 
TET 0.6 184E-0 1 
TEMPERATURE - 
LIQUID FLOCIRFITE = 
VAPOR FLOWRATE = 

- 

TRFIY NUMBER = 16 
COMF X ( 1 )  
Si h 4  0 .  2875E- 1C) 
MCS 0.1573E-04 
DCS 0. 374C)E-01 
TCS 0.8999€+03 
TE T (3 .  e268E-01 
TEMPERATURE - 
LIQUID FLOWRATE = 
VAFOH FLOWRATE =: 

- 

Y ( 1 f  
0.1252E-04 
0.1879E-02 
0.1499E+OO 
0.81896+00 
0.2932E-01 

95.417 c 
651 .410  lb-mole/hr 
420.800 lb-mole/hr 

Y(I) 
0.550 1 E-06 
0.6446E-03 
0.1206E+00 
0-8487E+O0 
0.3011E-01 

96 .193  C 
65 1 - 4  1 0 1 b - m o l  e/ hr 
420.900 lb-mole/hr 

Y(1) 
0.2396E-07 
0.2184E-03 
0.9462E-01 
C).8743E+OO 
0.3085E-0 1 

90.822 c 
651 .410  lb-molelhr 
420.80c) lb-mole/hr 

Y(1) 
0.1036E-08 
0 I 732CE-04 
0.7232E-01 
0 . 8 9 5 9 E + O @  
0.3 1 68E-0 1 

97.356 C 
651.412, lb-mola/hr 
420.800 lh-mol e/hr 
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APPENDIX A2.3-3 

(Continued) 

‘RAY NUMBER = 17 
L ’MP X ( 1 )  
Si t i4 (3 .  1229E- 1 1 
MCS 0.5176E-05 
DCS 0.2747E-i) 1 
TCS 0.9080E+00 
TET 0 6448E-0 1 
TEMFERATUHE - 
LIQUID FLOWRArE = 
VAPOR FLOWHATE = 

- 

TR6Y NUMBER = 18 
COMP X ( X )  
Si H4 0.5224€-:3 
MCS 0.1679E-35 
DCS (’.194ZE-O1 
TCS 0.9114E+00 
TET 0.63 1 bE-(1) 1 
TEMPERATURE - 
LIQUID FLOWHFITE = 
VAPOR FLOWRATE = 

- 

THFII’ NUMBER = 19 
COMP X C I ,  
Si H4 0.2205E- 14 
MCS 0.5280E-06 
DCS 0. 1 295E-0 1 
TCS 0.9051E+00 
TET 0. 8200E-0 1 
TEMFEH4TUHE - 
LIQU!D FLOWRATE = 
VAPOR FLOWRATE = 

- 

TRAY NUMBER = 20 
COMF X ( 1 )  
Si H4 0. 907 1 E- 16 
MCS ( 3 .  15 16E-06 

TCS 3 .  8754E+(>0 
TET 0 .  1 169E+00 
TEMPERATURE = 
LIGUID FLOWFiATE = 
VAPOR FLOWHATE = 

DCS (1). 7756E-02 

Y ( 1 )  
0.4450E-10 
0.2427E-04 
0.5364E-01 
0.9 134E+00 
0.3297E-0 1 

97.823 C 
651.410 lb-mole/hr 
42(3.800 1 b-mol e/hr 

Y ( I )  
0. 19C’ZE- 1 1 
0.7930E-05 
0.3828E-01 
0.9260E+00 
0.3576E-01 

98.277 C 
651.410 lb-mole/hr 
420.a00 lb-mole/hr 

Y ( 1 )  
0.8082E- 13 
0.2516E-05 
0.2582E-01 
0.9312E+00 
cj.4301E-01 

78.853 C 
651.4 10 1 b-mol e/hr 
420.800 1 b-mole/hr 

Y ( 1 )  
3.3364E-14 
0.7343E-Ob 
0. 1579E-0 1 
0. 92 13E+00 
0.6288E-0 1 

99.895 C 
651.4 10 1 b-mol e/hr 
420.800 1 b-mol e/hr 
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APPENDIX A3 FACTORS USED IN ESTIMATION OF CAPITAL . i j i r € S X N T  FOR PLANT - 

Prel iminary c o s t  a n a l y s i s  should be per€crmed early i n  a p r o j e c t  b e f o r r  
s i z e a b l e  funds are expended on t h e  ven tu re .  
prevent  t h e  waste of funds on l o s i n g  causes .  
are unfavorable  wi th  product c o s t  exceeding sales p r i c e  of t h e  p roduc t ,  then 
the  p r o j e c t  may be abandmed without  t h e  expend i tu re  of a d d i t i o n a l  funds.  
I f  t h e  c o s t  a n a l y s i s  resul ts  a r e  f avorab le  w i t h  t h e  sales p r i c e  g r e a t l y  
exceeding product c o s t ,  then the  p r o j e c t  may b e  cnnt inued o r  even expanded. 

The c a p i t a l  investment r equ i r ed  fox t h e  p l a n t  i s  important i n  t h e  cost  

E a r l y  c o s t  a n a l y s i s  can h e l p  
If t h e  c o s t  a n a l y s i s  r e s u l t s  

a n a l y s i s  cf a p r o j e c t .  

The p l a n t  investment c o s t  is determined from t h e  c o s t  of t h e  major 
process  equipment r equ i r ed  i n  t h e  p l a n t .  T h i s  i n c l u d e s  t h e  purchase and 
i n s t a l l a t i o n  of a l l  major process  equipmeat along w i t h  in s t rumen ta t ion ,  
e l p c t r i c a l ,  p ip ing ,  b u i l d i n g s ,  u t i l i t i e s ,  f i r e  p r o t e c t i o n ,  e t c . ;  p l u s  i n d i r e c t  
c o s t s  such as eng inee r ing  and overhead. For i n i t i a l  s t u d i e s ,  o v e r a l l  
coctingency may be added. The t o t a l  p l a n t  investment i nc lud ing  f i x e a  c a p i t a i  
and working c a p i t a l  is determined nex t .  Working c a p i t a l  investment is  often 
es t ima ted  a t  15% of f i x e d  c a p i t a l  i n  i n i t i a l  i n v e s t i g a t i o n s .  I t  may a l s o  be  
determined from preliminLry p l a n t  des ign .  

The f a c t o r s  f o r  ?s t i rnat ion of p l a n t  investment are given i n  Table A3-1  
for f l u i d s  p rocess ing .  The p l a n t  investment c o s t  i s  based on published 
p l a n t  c o s t  d a t a  from a v a r i e t y  of sou rces  and p rocesses  (Ref.  1 , 2 , 3 , 4 , 6 , 7 ,  
8 , 9 , 1 0 , 1 1 , 1 2 , 1 3 , 1 4 , 1 5 , 1 6 , 1 7 , 1 8 , 1 ? , 2 0 , 2 2 , 2 5 , 2 6 ~ 3 0 , 3 2 , 3 7 , 3 8 , 3 9 , 4 0 , 4 3 , 4 4 , 4 6 , 4 7 ,  
4 8 , 5 0 , 5 2 , 5 3 , 5 4 , 5 5 , 5 6 , 5 7 , 5 8  and 5 9 ) .  
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ORIGINAL PAGE IS 
T A m l  A3-1 OF POOR QUALITY 

1. DIRECT PLANT INUEST?€Nl COSTS 
1. h j w  process equipamt cost 
2. Installation of m a j o r  p raesr  equipmmnt 
3. Processpiping, Installed 
4. Instrumentation, Installed 
5.  Electrical, Installed 
6. Process building, In%trll& 

1e.SUBTOTAL FOR DIRECT PLAHT IMIESlP€Nl Cnms 
( P R I W I L Y  M T T E R Y  L IHIT  FCW=ILITIES) 

2. OTHER DIRECT PUYJT INVESTCEWT WSTS 
1. Utiliti-, Installed 
2. Senera1 service, Site d e v d q n m t ,  

3. h e r a l  buildings, OfCicrr, Shops, etc 
4, Receving, Shipping frrilitims 

Fire protection, ctc. 

2e.SUBTOT4K FOR OTHER DIRECT PLIYST INMGTKWT #3m 
<PRIr(cIRILY OFFSET FiXILITIES) 

3. TOTW DIRECT INVESTCENT COSTS, lr+2r 

4. INDIRECT P L M T  INVEST- WSTS 
1. Enginewing, Overhead, Ctc 
2. -MI Cant .  fw Floods, strikes, &c 

4a. T O T a  INDIRECT IMST?€NT COST 

5.  T O T M  DIRECT (WD INDIRECT 
INVESTPEW CUST, 3 + a  

6. OVERALL CCMTINBM=Y 

100-0 
4s. 0 
74. 0 
19-0 
10.0 
10.0 

a. 0 

48. 0 
12.0 

14-0 
21.0 

95.0 

351.0 

55.0 
71.0 

126.0 

477.0 

7. FIXED W I T & -  INVESTMENT FOR PUNT 9 6  
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APPENDIX A4 FACTORS USED IN ESTIMATION OF TOTAL PRODUCT COST - 

The e s t i m a t i o n  of t o t a l  product  c o s t  i s  important  i n  t h e  c o s t  a n a l y s i s  
of a p r o j e c t .  

The f a c t o r s  fGr es t imat im of t o t a l  product are give:) i n  Table A4-1. 
The f a c t o r s  shown are in t e rmed ia t e  v a l u e s  s e l e c t e d  from publ ished c o s t  d a t a  
on a v a r i e t y  of products .  The Lypical v a l u e s  are useful i n  i n i t i a l  cost  
a n a l y s i s  (Ref.  2 ,3 ,4 ,5 ,6  , 7,8  , 10,12,13,20,21,25,27 , 28,29,3 1 ,32 , 33,34,38, 
41,42,43,44,47,49,50,55,56 and 57 of Appendix A4). 

In t h e  t a b l e ,  d i r e c t  manufacturing c o s t s  are covered i n  i t e m  1. The 
f i r s t  s e v e r a l  subitems (1 .1 ,  1 . 2 ,  and 1.3)--raw materials, d i r e c t  o p e r a t i n g  
l abor  and u t i l i t i e s - -depend  on the  p rocess  technology and evolve from t h e  
prel iminary p rocess  des ign .  For example, one p rocess  may only r e q u i r e  one 
o r  two feed raw m a t e r i a l s  f o r  product ion of t h e  product .  Another p rocess  may 
r e q u i r e  t h r e e  o r  more feed raw materials f o r  t h e  s i l i c o n  product ion.  The 
r 2 w  m a t e r i a l  requirements ,  both s p e c i f i c  materials and q u a n t i t i e s ,  w i l l  be 
d i f f e r e n t  f o r  each p rocess .  
material  requirements  f o r  t h e  p a r t i c u l a r  process .  The ope ra t ing  l a b o r  and 
u t i l i t y  requirements  a l s o  depend on t h e  p rocess .  
des ign  provides  t h e  d i r e c t  ope ra t ing  l a b o r  and u t i l i t y  requirements  which are 
a func t ion  of t h e  processing s t e p s  a s s o c i a t e d  w i t h  t h e  p a r t i c u l a r  p rocess  under 
c o n s i d e r a t i o n .  

The p re l imina ry  p rocess  des ign  providzs  t h e  r a w  

The p re l imina ry  p rocess  

The a d d i t i o n a l  subitems (1 .4  t o  1 . 7 )  i n  d i r e c t  manufacturing c o s t  cover 
supe rv i s ion  (1 .4 )  of personnel  ope ra t ing  the  product ion f a c i l i t i e s ;  r e p a i r  
and maintenance (1 .5 )  f o r  t he  upkeep of t h e  f a c i l i t i e s ;  ope ra t ing  s u p p l i e s  
( 1 . 6 ) ;  and l a b o r a t o r y  work (1 .7 )  f o r  p rocess  and q u a l i t y  c o n t r o l .  These 
subitems depend on t h e  p a r t i c u l a r  p rocess  and may be determined from t h e  
l abor  and c a p i t a l  investment requirements  of t h e  p a r t i c u l a r  p rocess .  

Item 2 covers  t h e  i n d i r e c t  manufacturing c o s t s  which a r e  a r e s u l t  of t he  
production o p e r a t i o n  (bu t  no t  a d i r e c t  f i inct ion o f ) .  The i n d i r e c t  manufactur- 
ing c o s t s  r e f l e c t  f i xed  charges which, more or  less,  remain c o n s t a n t  regard- 
l e s s  of the production l e v e l .  I n d i r e c t  manufacturing c o s t s  i nc ludes  p rov i s ions  
f o r  d e p r e c i a t i o n  (2 .1 )  f o r  t he  f ix-d c a p i t a l  investment ,  l o c a l  t axes  (2 .2)  on 
the  production p l a n t  and insurance coverage (2.3) of the  p l a n t .  

P l a n t  overhead i s  included i n  i t e m  3 .  This  i nc ludes  c o s t s  f o r  h o l i d a y s ,  
v a c a t i o n s ,  d i s a b i l i t y  pay, pensions,  medical s e r v i c e s ,  s a f e t y ,  maintenance 
01: roads ,  sewer s e r v i c e ,  p l a n t  p r o t e c t i o n ,  g e n e r a l  p l a n t  upkeep, e t c .  i n  
g e n e r a l ,  p l an t  overhead i s  r e l a t e d  t o  d i r e c t  l a b o r ;  sup,rvision and c l e r i c a l  
a. d maintenance l a b o r .  

I t e m  4 covers  c r e d i t  f o r  by-products.  Some p rocesses  do no t  produce a 
by-product. Other processes  m i v  produce one o r  s e v e r a l  by-products. I f  
the  by-product i s  s a l e a b l e ,  a c r e d i t  i s  ob ta ined .  I f  t he  by-product is  
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not  s a l e a b l e  and expenses are incu r red  i n  i t s  d i s p o s a l ,  then a d e b i t  w i l l  
r e s u l t  f o r  t h a t  by-product. The economics h e r e  depend on t h e  n a t u r e  of 
the by-product a s s o c i a t e d  w i t h  t h e  p a r t i c u l a r  p rocess  under c o n s i d e r a t i o n .  

Item 4a provides  t h e  t o t a l  manufacturing c o s t .  I t  is  equal  t o  t h e  sum 
of d i r e c t  manufacturing c o s t  (11, i n d i r e c t  manufacturing c o s t s  (21 ,  p l a n t  
overhead (3)  and by-product c r e d i t  (4 ) .  

The g e n e r a l  expLnses a s s o c i a t e d  w i t h  product ion of t h e  product a r e  
covered i n  i t e m  5 .  The g e n e r a l  expenses inc ludes  p rov i s ions  f o r  admin i s t r a -  
t i o n  expenses (5.;) f o r  management sa lar ies ,  l e g a l  f e e s ,  cormrmnications, e tc . ;  
d i s t r i b u t i o n  and s a l e s  expenses ( 5 . 2 )  and r e s e a r c h  and development c o s t s  ( 5 . 3 ) .  

Item 6 provides  t h e  t o t a l  c o s t  of t h e  product  f o r  t h e  p a r t i c u l a r  p rocess  
under c o n s i d e r a t i o n .  The t o t a l  product c o s t  i s  t h e  sum of t h e  d i r e c t  manu- 
f a c t u r i n g  c o s t  ( 1 )  , i n d i r e c t  manufacturing c o s t  (? ) ,  p l a n t  overhead (31 ,  
by-prcduct c r e d i t  ( 4 )  and g e n e r a l  expenses ( 5 ) .  

This method of e s t i m a t i o n  of t o t a l  product c o s t  i s  used widely i n  t h e  
chemical i n d u s t r y ,  p a r t i c u l a r l y  i n  e v a l u a t i o n  of t he  p rocess  i n  the  e a r l y  
r e sea rch  s t a g e .  
with a p rocess  o r  t o  drop t h e  p rocess  and i n v e s t i g a t e  an a l t e r n a t e  p rocess .  I f  
t he  t o t a l  product c o s t  compares f avorab ly  w i t h  t a r g e t  c o s t  goa l  ( t o t a l  product 
c o s t  s a t i s f i e s  g o a l ) ,  then a d d i t i o n a l  funding i s  meri ted f o r  t h e  p rocess .  
However, i f  t h e  t o t a l  product c o s t  does n o t  compare f avorab ly  wi th  t a r g e t  c o s t  
goal ( t o t a l  product c o s t  exceeds g o a l ) ,  then a d d i t i o n a l  funding and f u r t h e r  
i n v e s t i g a t i o n  of t h e  process  is n o t  mer i t ed .  

I t s  e a r l y  u s e  a i d s  i n  t h e  d e c i s i o n  making on whether t o  proceed 
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TAELE A4-1 

FACTORS FOR ESTIMATION OF PRODUCT COST 

----- I TEHS 

1. Direct Manfacturing Cost 
(Direct Charges) 
1. Raw Material 
2. Direct Operating Labor 
3. Utilities 
4. Supervision and Clerical 
5. Haintenance and repairs 
6. Operating Supplies 
7. Labwatwy Charges 

2. Indirect Manfacturing Cost 
(Fixed Charges) 
1. Depreciation 
2. Lacal T a x e s  
3. Insurances 

3. Plant averhead 

4. By-Product Credit 

4a. Total Manf arturinq Cost 

5. General Expenses 
1. Administration 
2. Distribution and Salcr 
3. Research and Devclo- 

prnent 

from prel. design 
+ram prel. design 
from prcl . design 
15% of direct labor 
10% 09 f i x d  capital 
20% of maintenance 
15% of dirrct lrbw 

10% of fined capital 
2 X  of f i x d  capital 
1% of f ixed capital 

60% of labor in dir- 
ect lrbw, Supervis- 
ion and maintenance. 

from prel . design 
1 +2+3+4 

6 X  o+ man+. cost 
6 X  of manf. cost 
3 X  of manf. cost 

6. Total f+odurt Cost 
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APPENDIX A5 TYPICAL ELECTRICAL POWER COSTS 

Typical Electrical  Power Costs: 
Average Cost, Statewide, Industrial 
Power- (mi 1 1 s/kwh 1 
1377 1981 - 1980 - 1979 - 1978 - - 

1. Arizona 

2. Louisiana 

3. Michigan 

4. Missouri 

5. Texas 

6 .  Source 

-- -- 27.8 29.9 32.2 

15.4 17.7 21.6 23-27* 33-38* 

-- -- 29.3 32.9 35.4 

-- -- 24.9 28.4 30.9 

21.5 23.6 27.3 33-37* 40-43* 

Ref.24 Ref.23 Ref.2? Ref.20 Ref. 20 

* Approximate values from bar charts 

Note: 

1. References are given on page 95 
2 .  Ref. 27 gives a rate range for e l ec tr i ca l  power of 20-80 mils/kwh 

(Jan. 1979 dol lars)  
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