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Generalized Capital and Operating Costs for 

Power-Intensive and Allied Industries 

ABSTRACT 

The  intent of th i s  report is to supplement Chap. 5 of ORNL-4290, Nuclear Energy 

Centers: Industrial  and  Agro-Industrial Complexes, by providing the interested reader 
with sufficient information to duplicate the computed cos t  resu l t s  given in  Chap. 5 and to 

make additional independent cos t  s tud ies  on the  17 chemical and metallurgical products 

considered. 

ing the various building block manufacturing cos t  components, (2) a brief description of 
the computer subroutines, including typical output data shee ts ,  and ( 3 )  a s e t  of tables for 

easily and quickly obtaining component cos t s  a t  a l l  of the reference values of all  param- 
eters used  in the studies.  
to i l lus t ra te  u s e  of t hese  data, f irst  for industrial  building block cos t  determinations and 

then for both United S ta tes  and non-United S ta tes  industrial  complexes. 

The  report includes (1) all  of the equations and cons tan ts  used  in deterrnin- 

A number of worked examples a re  given a t  the end of the report 

A 

1. INDUSTRIAL BUILDING BLOCK COST 
EQUATIONS AND CONSTANTS 

T h i s  sec t ion  conta ins  all t h e  equat ions and con- 
s t a n t s  used  in  determining c a p i t a l  and operating 
c o s t s ,  under United S t a t e s  economic conditions 
prevailing in  mid-1967, for t h e  var ious products 
studied. Equat ions  for p lan t  cap i ta l  c o s t s  and 
manpower requirements a t  t h e  plant  reference ca- 
pac i t ies  are also included.  Operat ing c o s t s  were 
broken down into direct  and  indirect  cos ts .  T h e  
direct  c o s t s  inc lude  raw mater ia l s ,  ut i l i t ies ,  labor 
and overhead, and s u p p l i e s  and maintenance ma- 
ter ia ls ;  indirect c o s t s  inc lude  depreciat ion based  
on u s e  of the s ink ing  fund, debt  s e r v i c e  a t  various 
c o s t s  of money, and in te res t  on working capi ta l .  

Plant Investment Costs 

Est imates  of battery l imits  plant  investment c o s t s  
for all the chemical  p lan ts  considered were ob- 
tained or developed for a t  l e a s t  two capac i t ies  in  
order t o  determine appropriate  exponent ia l  s c a l i n g  
factors. Cost-scal ing equat ions  ( s e e  Table  1) were 
then derived a s  a function of plant  capaci ty  for the  
range of in te res t  for e a c h  product. 

Offsites. - I t  should b e  emphasized tha t  all in- 
vestment equat ions a r e  b a s e d  on es t imates  of 
battery l i m i t s  fac i l i t i es  only;  to obtain total  plant  
c o s t s ,  the investment  i n  of fs i te  fac i l i t i es  must b e  
added. F a c i l i t i e s  which would come under the 
category of o f f s i t e s  might include: 

1. off ices ,  laborator ies ,  and change  houses ;  

2. a substat ion for supplying high-voltage elec- 
tricity to  t h e  plant ;  

3. a water  sys tem,  including a water-treatment 
plant, and a fire-protection sys tem;  

4. a communications system; 

5. plant  mobile equipment including such  i tems  as 
cranes ,  bul ldozers ,  t rucks,  and a yard switch 
engine; 

6. s i t e  preparation c o s t s ;  

7. effluent ponds. 

Product s torage  is not  included in  of fs i tes  but is 
incorporated in the  bat tery l imits  es t imates .  In 
general, offs i te  c o s t s  would b e  related to the type 
of process  being considered.  F o r  purposes  of con- 
venience, however, a series of d a t a  points  were 
col lected for various types  of p lan ts ,  with inves t -  
ments ranging f rom $1 million to $96 million and 
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Table  1. Battery L i m i t s  Plant Investment Equations 

N = plant capacity in tons  of indicated product per day, un le s s  otherwise noted 
D = current density, amp/ft2 
Q = dollars per square foot of active electrode surface (1  f t2  of cathode surface p lus  

1 f t2  of anode sur face  is equivalent to 1 f t2  of active electrode surface) 

(E) = electrolytic hydrogen 
(R) = reformed hydrogen 

(EF)  = electric furnace phosphorus 

(WA) = wet ac id  p rocess  phosphoric ac id  
L = land cos t  in dollars per acre  for solar saltworks 

P =production of solar s a l t  ( tons per acre  per year) computed a s  

P = e0'46C(3.68T + 15.78) , 

< <  
where 

C = concentration factor, 1 = C = 3, 
T = age  of s a l t  pond in  years. 0 = 7' = 10 < <  

Product Capital  Cost,  C (millions of dollars)a Limiting Conditions 

H Z  
(E) Allis-Chalrnersb 

(E) General Electric 

N 2  (E) 

NH 3 
(E) Allis-Chalmers 

(E) General Electric or De  
Nora 

H 2  + NH3 (E) 

NH3 (R) 

HNO (for ammonium nitrate) 
3 

(E) 

( R) 

NH4N03 

Urea 

(E) 

(R) 

Nitric phosphate 

Phosphorus,  P4 (EF)  

P to H 3 P 0  conversion 

H2S04 

4 4 

H 3 P 0 4  (WA) 

AI 2~ refiningf 

A1 smelting 

C = 7.43(400/D)0'29(N/54)0.92 

C = NQ/D + 2.96(N/54)0'93 

C = 1.205(N/250)0*67 

C = 2.635(N/300)0'75 

C = 4.408(N/300)0.62 

Sum of appropriate equations above 

C = 7.9(N/300)0.71 

C = 3.25(N/500)0'66 

C = 3.00(N/500)0'66 

C = 2.2(N/500)0'68 

C = 4.49(N/300)0.65 

C = 4.11(N/300)0'65 

C = 5.35(N/900)0.70 

C = 0.866 
C = 18.8(N/294)0'84 
C = 1.037 

C = 22.6(N/294)Oeq 

C = l.0(N/80)0.80 

C = 1.0(N/390)0'89 

C = 2.71(N/276)0'66 

C = 17(N/137)0.84 

C = 36.S(N/137)0*81 

N = tons/day analyzing 27-14-0 

77 < N  < 2 9 4 d  
294 < N 

77 < N < 294e 

294 < N 

4 
N = tons/day of P 

N = tons/day of H SO 
2 4  

N = tons/day of P 0 
2 5  

N = tons/day of A1 

. 
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Table 1 (continued) 

Product Capital  Cost,  C (millions of dollars)a Limiting Conditions 

AI fabricationQ C = 40.2(N/137)0.46 

C = 55.4(N/274)0'75 

< <  137 = N = 274 
< <  274 = N = 685 

c 

Solar s a l t  (NaC1) 

Chlorine C = 6.8(N/300)0.83 

Chlorine-caustic sodah C = 9.1(N/300)0'82 N is chlorine production 

C = N L / P  + 7.15 NOe3' N =mi l l ions  of tons of s a l t  per year 

aAll cos t  equations a re  based  on erected cos t  of battery l imits facil i t ies without offsites.  All equations a re  as- 
sumed to have  unspecified a l lowances  for engineering, construction, and contingencies. For  c a s e s  where these  al- 
lowances a re  quantified, the  amounts included are l i s ted  a s  a footnote. 

bIncludes a 20% allowance based  on direct  investment for engineering and contingencies. 
'Includes engineering allowances ranging from 1 0 5  to 14% and contingency allowance of 5%, a l l  based  on direct  

dNodulizing feed preparation system. 

ePelletizing feed preparation system. 
fIncludes allowances based  on direct  investment of 10% for contractor fees, 10% for contingencies, and  5% for 

gAssumes 72% of aluminum is fabricated into shee t  and p la te  and 28% into redraw rod. 

hIncludes allowances of 22% for engineering overhead and 12.2% for contingencies based  on direct  investment. 

2 investment. 

engineering. 

encompassing fer t i l izer ,  meta ls ,  chlorine, and or- 
ganic  chemicals  production. An equation obtained 
by fitting 39 d a t a  points  by t h e  method of least 
squares  is 

F R O F F S  = 0.931(BLC)-0.391 , (1) 

where BLC is battery l imi t s  plant  c o s t  in  millions 
of dol lars  and F R O F F S  is t h e  fraction of battery 
limits investment which must  b e  added to obtain 
total  plant  investment. 
from that  reported i n  t h e  nuc lear  energy center  
study' in  that  t h e  al locat ion for offsites is in- 
c reased  for plant  c o s t s  under $100 million, while  it 
is about the same for complexes which might b e  in  
the $100 t o  $1500 million investment  range. 

Electrolytic Hydrogen. - F o r  electrolyt ic  hy- 
drogen plants ,  the ext ra  term in T a b l e  1 (involving 
0) i n  t h e  cost-scal ing equat ions  represents  the  
change in investment  due to  c h a n g e s  in  current 
density. T h e  c o s t s  for t h e s e  plants  a r e  somewhat 
speculat ive,  s i n c e  they represent  new technology 
which h a s  not been bui l t  at t h e  present  time. 

T h e  equation is different 

'John M. Holmes, ORNL, personal communication 

'Nuclear Energy Centers: Industrial  and  Aero-Indus- 

(December 1968). 

trial Complexes, ORNL-4290, p. 82  (November 1968). 

Elemental Phosphorus. - T h e  capi ta l  c o s t  equa- 
t ions  l i s ted  for e lemental  phosphorus production by 
the  e lec t r ic  furnace process  require some explana- 
tion. T h e  f i rs t  equat ion is representat ive of the  
battery limits costs of p lan ts  producing 77 t o  294 
tons/day of e lemental  phosphorus in  single-furnace 
plants  with furnace sizes ranging from 40,000 to 
150,000 kva and a nodul iz ing feed preparation 
system. T h e  second equat ion represents  a s c a l e u p  
in  size by dupl icate  150,000-kva furnaces  with the  
same type of feed preparation system. T h e  third 
and fourth equat ions represent  the  s a m e  size p lan ts  
with a pel le t iz ing feed preparation system. F e e d  
preparation for large furnace operation is manda- 
tory, to  maintain a n  evenly dis t r ibuted furnace 
burden and to  maintain ba lanced  operation. How- 
ever ,  each  feed preparation sys tem must b e  de- 
s igned for the  phosphate  rock t o  b e  used  in that  
furnace. It h a s  been s t a t e d  that  North African rock 
(from Algeria or Egypt) should require l i t t l e  prepa- 
ration; therefore a n  elaborate  sys tem is not neces-  
~ a r y . ~  Rock from other  s o u r c e s  of supply,  such  a s  
Florida or Idaho, d o e s ,  however, require u s e  of t h e  
most sophis t ica ted  type of feed preparation sys tem 
for sat isfactory operation in  large e lec t r ic  furnaces  
(> 50 Mw). 

3Joseph W. Venable, Gulf Design Corporation, private 
communication (January 1969). 



Table  2. Battery L i m i t s  P l a n t  Costs a t  Reference Capoci t ies  

Abbreviations a re  a s  defined in Tab le  1 

Current Capacity Cos t  No. 1 Capacity Cos t  No. 2 Capacity Cos t  No. 3 Capacity Cos t  No. 4 

Product Density No. 1 (millions of No. 2 (millions of No. 3 (millions of No. 4 (millions of 

(amp/ft2) (tons/day) dollars) ( tons/day) dollars) ( tons/day) dollars) ( tons/day) dollars) 

H 2  (E) 
Allis-Chalmers 400 

800 

1200 

1600 

300 

2500 
3500 
5000 

7500 

54 7.4 

54 6.1 

54 5.4 

54 5.0 

108 

108 

108 

108 

14.1 

11.5 

10.2 

9.4 

180 

180 
180 

180 

180 

180 

180 

180 

180 

180 

833 

22.5 

18.4 

16.4 
15.1 

19.0 

12.6 
11.5 

10.8 

10.2 

11.5 

2.7 

540 61.8 

540 50.6 

540 44.9 
540 41.3 

De Nora 

General Electr ica  

H 2  (R) 

N2 (E)  

NH3 (E) 
Allis-Chalmers 

De Nora and General Electr ic  

NH3 (R) 

H N 0 3  for NH4N03 

(E) 

( R) 

NH4N03 ( E  o r  R) 

Urea 

(E) 

(R) 

HNO for nitr ic phosphate 
3 

(E) 

(R)  

Nitric phosphate  ( E  or R) 

54 

250 

5.1 

1.2 

108 

500 

8.1 

1.9 

540 

2,500 

24.0 

5.7 P 

300 2.6 600 4.4 1000 

1000 

1000 

6.5 

8.0 

7.0 

3,000 14.8 

300 2.8 600 4.8 3,000 16.7 

320 

320 

400 

2.4 

2.2 

1.9 

640 

640 

800 

3.8 

3.5 

3.0 

1067 

1067 

1333 

5.4 

5.0 

4.3 

3,200 

3,200 

4,000 

11.1 

10.2 

9.0 

300 

300 

4.5 

4.1 

600 

600 

7.1 

6.5 

1000 

1000 

9.9 

9.0 

3,000 

3.000 

20.3 

18.5 

248 

248 

450 

2.0 

1.9 

3.3 

490 

490 

900 

3.1 

2.8 

5.4 

827 

827 

1500 

4.2 

3.8 

7.7 

2,480 

2,480 

4,500 

8.1 

7.4 

16.6 



Table 2 (continued) 

Current Capacity Cost  No. 1 Capacity Cost No. 2 Capacity Cost  No. 3 Capacity Cost NO. 4 
Product Density No. 1 (millions of No. 2 (millions of No. 3 (millions of No. 4 (millions of 

(amp/ft2) (tons/day) dollars) ( tons/day) dollars) ( tons/day) dollars) ( tons/day) dollars) 

Phosphorus,  P4 (EF)‘ 131 14.6 262 21.2 655 46.5 1,500 98.0 

P to H P O  conversion 131 1.5 262 2.6 655 5.4 1,500 10.4 

H 2 S 0 4 d  900 2.1 1800 3.9 4500 8.8 10,300 18.4 

H 3 P 0 4  (WA)e 300 3.6 600 5.6 1500 10.3 3,435 17.8 

~ 1 ~ 0 ~  refiningf 137 17.0 274 30.4 685 65.7 

A1 smelting 137 36.5 274 64.0 685 134.4 

A1 fabrication 137 40.2 274 55.3 685 110.1 

Solar sa l tg  3000 8.3 6000 11.3 9000 13.7 15,000 17.8 

Brine electrolysis  (C1 ) 300 6.8 500 10.4 1000 18.5 2,000 32.9 

4 3 4  

2 

NaOH evaporation 339 2.3 565 3.4 1130 5.8 2,260 9.9 
VI 

eFor ce l l  module cost  of  $50.00 per square foot; c o s t s  a t  $25.00 and $100.00 per square foot are a s  follows (capacity, 180 tons/day of H == 1000 tons/day of NH3): 2 

Plant  Cost  (millions of dollars) for Current Density of - Module Cost  

(dol lars /  ft ’) 2500 amp/ft2 3500 amp/ft2 5000 amp/ft2 7500 amp/ft2 

25 

100 

10.8 

16.2 

10.3 

14.1 

9.9 

12.6 

9.6 

11.4 

bCost  for ammonia plant only in a hydrogen-ammonia system. 
‘Assuming pelletized feed preparation system. 
dCapacity a s  tons/day of H , S 0 4  (100%). 

eCapacity a s  tons/day of P 0 
fCapacity a s  tons/day of Al. 
gAssuming land cost  is $50.00 per acre, three-year aging period for ponds, and 332 production days  per year. 

2 5’ 
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T h e  extrapolation of furnace design to 150 Mw is 
beyond the  s c o p e  of present-day technology. T h e  
largest  furnaces  currently in  operation a r e  designed 
for operation a t  60 Mw but a r e a b l e  t o  go to 70 Mw 
(about 140  tons  per day of e lemental  phosphorus) 
using somewhat higher  current dens i t ies .  Some 
definite technological  problems must be  surmounted 
before a 150  Mw furnace can  b e  built.  T h e  cover  
for a n  e lec t r ic  furnace is a s l ight ly  arched s ingle  
span  with about  20 penetrat ions.  T h e  limit of 
current c a s t i n g  technology is a s ingle  span  of about  
50 ft diameter, which is the  size being used for 70- 
Mw furnaces. A cover  with a larger  diameter (per- 
h a p s  75 ft) would b e  required to  build the  larger 
furnace. Electrode size is another  problem which 
must b e  resolved. Currently t h e  la rges t  furnaces  
a re  operating with 55-in.-diam prebaked e lec t rodes ,  
with some possibi l i ty  of going to  60 in. A 150-Mw 
furnace would probably require development of a n  
84-in. electrode. 

Solar Salt. - Product ion from a new so lar  s a l t  
pond will vary with t ime over  about  t h e  first ten 
years  of operation if a pond s e a l i n g  process  is not 
performed. T h e  f i rs t  term i n  t h e  cost sca l ing  equa- 
tion (Table  l )  for t h i s  p r o c e s s  re la tes  th i s  variable 
to  the  amount of land required for a given produc- 
tion rate, assuming a cer ta in  ag ing  period. T h e  
second term in th i s  investment  equation scales the  
equipment c o s t  a s  a function of capaci ty .  

All other equat ions a r e  straightforward. Total 
plant costs (including a l lowances  for offsites) at 
several  reference c a p a c i t i e s  a r e  l i s ted  in  Table  2. 
Note that  i f  severa l  p lan ts  a r e  bui l t  on t h e  same 
s i t e  (complexed), t h e  of fs i te  a l lowance will b e  re- 
duced because  of jo in t  u s e  of t h e s e  faci l i t ies .  In 
th i s  case t h e  battery l imi t s  plant  investments  a r e  
summed, and Eq. (1) is u s e d  t o  ca lcu la te  the  total  
offs i te  a l lowance for t h e  complex. 

Raw Mater ial  Costs  

Four types of raw mater ia l  c o s t s  were employed 
in the  study: (1) b a s i c  raw mater ia ls  with zero  
cos t ,  (2) b a s i c  raw mater ia ls  with variable c o s t s ,  
(3) b a s i c  raw mater ia l s  with fixed c o s t s ,  and (4) 
derived raw mater ia ls  with var iable  cos ts .  

and evaporator brine eff luent .  Air u s e d  in  the  a i r  
liquefaction plant  is free,  a n d  d is t i l l ed  water from 
a seawater  evaporator (10 t o  2 0 ~  per 1000 gal) used  
in the electrolyt ic  hydrogen plant  is so cheap, com- 

T h e  first type included a i r ,  water, carbon dioxide, 

pared with other  costs, t h a t  i t  c a n  be safe ly  neg- 
lected.  Carbon dioxide for urea production can  b e  
obtained by purification of t h e  off-gases from the 
aluminum smelt ing p r o c e s s  or  from other  sources  
and w a s  arbitrarily a s s i g n e d  a zero  c o s t  (purifica- 
tion equipment w a s  included in t h e  capi ta l  cost). 
Brine effluent from t h e  desa l ina t ion  plant w a s  also 
given a zero  c o s t ,  s i n c e  i t  would merely b e  re- 
turned t o  the  sea in t h e  a b s e n c e  of a so lar  evapora- 
tion plant. 

In t h e  ca lcu la t ions  for b a s i c  raw mater ia ls  with 
var iable  c o s t s ,  each var iab le  cost took on a number 
of va lues  ranging from a minimum cost in  a pri- 
mary natural resource a r e a  t o  a n  upper value repre- 
sen ta t ive  of c o s t s  in  a n  undeveloped nation far 
from any source.  Included i n  t h i s  group a r e  
naphtha, phosphate  rock, sulfur ,  bauxi te ,  alumina, 
and s a l t .  T h e  requirements, in  t o n s  of raw ma- 
ter ia l  per ton of product, and  t h e  assumed unit 
c o s t s  i n  dol lars  per ton of e a c h  raw material a r e  
shown in T a b l e  3. T h e  phosphate  rock require- 
ments for the production of ni t r ic  phosphate  and of 
phosphoric a c i d  (by e i ther  t h e  e lec t r ic  furnace or  
the  wet  ac id  process)  a r e  t h o s e  a s s o c i a t e d  with the  
u s e  of higher grade F lor ida  rock; however, the  com- 
puter code  w a s  written to accommodate varying 
rock a s s a y s .  In t h e  aluminum production c o s t  
code,  th i s  feature  w a s  not  included;  therefore t h e  
bauxi te  requirement w a s  f ixed (2.2 tons  of bauxi te  
per ton of alumina). T h e  s a l t  requirement for 
caust ic-chlor ine production by br ine e lec t ro lys i s  is 
theoretically a cons tan t  (1.85 t o n s  per  ton of chlo- 
rine) but is shown as a var iab le  b e c a u s e  of s p e c i a l  
seawater  treatment requirements. 

A number of other  b a s i c  raw mater ia ls  were per- 
mitted t o  have  only a s i n g l e  cons tan t  unit cost. 
T h e s e  mater ia ls ,  a long  with the i r  products, require- 
ments, and unit c o s t s ,  a r e  l i s t e d  i n  T a b l e  4. A s  
with phosphate  rock, t h e  requirements for matrix 
and coke for t h e  phosphorus e l e c t r i c  furnace a r e  
given for the u s e  of high-grade Flor ida rock; how- 
ever ,  other a s s a y s  can  b e  taken  by t h e  computer 
subroutine. 

T h e  final group of raw mater ia l s  inc ludes  t h o s e  
derived as  products from o n e  p r o c e s s  and used  as  
a raw material in  a s e c o n d  process .  Included in  
th i s  group a r e  hydrogen from the e lec t ro lys i s  of 

4Nuclear Energy Centers: Industrial and Agro-lndus- 
trial Complexes,  ORNL-4290. chap. 5 (November 1968). 
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Table  3. Requirements and Costs of  Bas ic  Raw Mater ials with Variable Costs 

Requirement Unit C o s t s  
(tons per ton of product) (dollars per ton of raw material) Raw Material Product 

NH 3 0.8 15, 22. 27, 35 Naphtha 

Phosphate  rock Nitric phosphate 

P 4  and H 3 P 0 4  ( a s  P 2 0 5 )  
0.448 

3.82a 5. 50, 9.60, 17, 24 

Sulfur H 2 S 0 4  ( a s  P 2 0 5 )  0.333 32. 50, 65, 80 

2.2 3, 8, 11, 14  Bauxite A1203 

2O 3 A1 1.93 60, 77 

NaCl C1 2-NaOH 1.85b 1. 3, 6, 10 

aFor  high-grade Florida rock. 
b For  complete conversion of spen t  cell liquor to 50% NaOH. 

Table  4. Requirements and Costs of Bas ic  Raw Mater ials with Constant Costs 

Requirement c o s t  
( tons per ton of product) (dollars per ton of raw material) Raw Material Product 

Sil ica matrix 

Coke 

Electrodes 

NaOH 

AIF 

Cryolite 

Fluorspar 

N a 2 C 0 3  

Petroleum coke 

P i t ch  

P o t  materials 

Phosphorus ( a s  P 2 0 5 )  

Phosphorus ( a s  P 2 0 5 )  

Phosphorus ( a s  P 2 0 5 )  

Alumina 

Alumina 

Aluminum 

Aluminum 

Aluminum 

Aluminum 

Aluminum 

Aluminum 

Aluminum 

1.1218 

0.6a 

13 lb/ton 

0.071 (Al) 

0.03 

0.031 

0.013 

0.005 

0.0009 

0.41 

0.10 

1 

17 

14q/ lb  

37 

20 

230 

220 

35 

40 

40 

81  

6.98 

c aFor high-grade Florida rock with the ana lyses  (70 dry basis):  P205,  31.1; CaO, 46.5; A1203, 1.0; Fe,03, 1.7; 

bPer  ton of aluminum. 

S i02 ,  9.5; F, 3.7. 
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T a b l e  5. Requirements far Manufactured 

Raw Mater ials with Variable Costs 

Requirement 

Raw Material Product ( tons per ton of 
product) 

0.18 

0.83 

HNO 0.29 

H Z  NH 3 

N 2  NH 3 

NH 3 
NH ,NO 0.22 
Urea 0.58 

Nitric phosphate 0.188 

HNO NH ,NO 0.80 
Nitric phosphate 0.549 

1.0 
H2S04 4 

2'3 A1 smelting 1.93 

A1 (molten) A1 fabrication 1.015 

NaCl 1.85-3.65 2 

NaOH-NaC1 50% NaOH 0.885a 

c1 2 HC1 0.97 

aTons per ton of chlorine. 

water and steam-naphtha reforming and nitrogen 
from a i r  liquefaction, both for u s e  in ammonia syn-  
thes i s ;  ammonia for u s e  in  n i t r ic  ac id ,  ammonium 
nitrate, urea, and n i t r ic  phosphate  production; and  
nitric acid for u s e  in  ammonium ni t ra te  and ni t r ic  
phosphate manufacture. In t h e  naphtha reforming 
case and with ni t r ic  a c i d  production the  a i r  lique- 
faction plant c a n  b e  el iminated s i n c e  t h e  nitrogen 
can b e  obtained from t h e  reformer off-gases  and the  
nitric ac id  plant tail g a s e s  respect ively.  Alumina 
produced from bauxi te  is t h e  input for aluminum 
production, and s a l t  from a s o l a r  s a l t  works is t h e  
raw material for caust ic-chlor ine production by 
brine electrolysis .  All  t h e s e  mater ia ls  have  unit 
c o s t s  which a r e  determined by t h e  c o s t  of their  
production in  the  in i t ia l  p rocess .  Table  5 pre- 
s e n t s  a list of t h e s e  raw mater ia l s  a long  with their  
requirements and products. 

U t i l i t i e s  Costs 

T h e  second b a s i c  d i rec t  manufacturing c o s t  de- 
termined for e a c h  product w a s  t h e  c o s t  of ut i l i t ies .  

T h e  u t i l i t i es  required t o  produce t h e  products 
s tudied included e lec t r ic i ty ,  water ,  s team,  and 
f o s s i l  fuel. Both cool ing water  and dis t i l led water  
( l i s ted  in  t h e  var ious computer c o d e s  a s  process  
water, boiler feedwater ,  or condensate)  and prime 
and exhaus t  s team were  required. Fossil fuel 
(natural g a s  or fuel  oi l )  w a s  needed  for alumina and 
aluminum production. 

T h e  requirements a n d  uni t  c o s t s  for e a c h  of t h e  
u t i l i t i es  used  i n  t h e  manufacture of e a c h  product 
a r e  l i s ted  i n  T a b l e  6. In a l l  ca lcu la t ions  the  manu- 
facturing c o s t s  for all products  were computed for 
e lec t r ic  power c o s t s  of 1, 2 ,  4, and  8 mills/kwhr, 
s i n c e  power c o s t  w a s  o n e  of t h e  major var iables  
used  in  the  s tudy.  S i n c e  d is t i l l ed  water  and s team 
c o s t s  would be  c lose ly  related t o  power c o s t  in  a 
nuclear-reactor-seawater-evaporator sys tem,  t h e  
computer code  w a s  des igned  t o  include,  a l s o ,  var- 
iab le  water  and s team c o s t s .  Dis t i l l ed  water c o s t s  
of 7, 1 2 ,  30, and 5 0 ~  per  1 0 0 0  gal ,  prime s team 
c o s t s  of 6, 1 5 ,  30, and  50q/MMRtu, and exhaus t  
s team c o s t s  of 2 ,  6, 1 5 ,  and 25q/MMBtu were used.  
Cooling water  c o s t s  of 2q per  1000 gal  and fuel 
c o s t s  of 50@/MMBtu were  u s e d  in  nearly all cases. 
T h e  electr ic i ty  requirement for e lec t r ic  furnace 
phosphorus is tha t  required for high-grade Flor ida 
phosphate  rock ( T a b l e  3). 

Manpower Requirements and Labor 
and Overhead Costs 

T h e  direct  operat ing manpower requirements for 
all the  p r o c e s s e s  s tud ied  were determined as  a 
function of plant  capac i ty ,  and  equat ions were 
written for all the  capac i ty  ranges  s tudied.  In most 
cases the  der ived equat ions  were  of exponential 
form. However, in  t h e  production of nitrogen by a i r  
liquefaction, one operator  per sh i f t  w a s  used  re- 
gardless  of plant  capac i ty ;  i n  the  evaporation of 
caustic-chlorine cell liquor t o  produce 50% NaOH, 
two operators  per sh i f t  were required a t  capac i t ies  
below 1130 tons/day of NaOH a n d  four operators  
per sh i f t  above  t h i s  capac i ty .  T h e  derived equa- 
t ions for all products  a r e  given i n  T a b l e  7. A s  in- 
dicated in  the tab le ,  t h e  equat ions  for e lec t r ic  fur- 
n a c e  production of P, and  i t s  conversion to H 3 P 0 4  
a r e  a lgebraic  and cont inuous,  but t h e  equat ions for 
the  production of H z S 0 4  and H 3 P 0 4  by the  wet 
a c i d  process  a r e  s tepped  funct ions,  being discon- 
tinuous a t  600 and 1 2 0 0  t o n s  of  P z O ,  per day. I t  
should b e  noted that  t h e  maintenance labor for 

. 

. 



T a b l e  6. U t i l i t y  Requirements and Unit  Costs  

Electricity a t  1, 2, 4, and 8 mills/kwhr 

Electricity Cooling Water Disti l led Water 
Pr ime Steam Exhaust  Steam Foss i l  Fue l  

Product (kwhr per ton ( a  per 1000 ( a  per 1000 
gal) (&/ton) gal) (MMBtu/ton) ($/MMBtu) (MMBtu/ton) (a/MMBtu) (MMBtu/ton) ($/MMBtu) 

- 

of product) 

a 

0.181 

525 
650 

5 
5 

35 

136 

14  

Variable 

40 

8 

300 

200 

13,000 

1,200 

4 

3.200 

100 

x l o 3  

b 

22.5 

4.4 

18.5 
18.5 

23 
23 

1.2 

19.9 

1.96 

11 

20 

22 

5.0 

15 

10 

x i o 3  

0.5 0.39 C 

2 0.6 16 

0.235 C 

2 

2 0.32 16 
2 

0.5 0.34 

2 0.34 

2 

2 

1.0 

0.84 

12 

16 
16 

2.4 

2.2 

6.0 

1.61 

d 

d 

1.9 e 

d 

d 

10 

1.95 

10 

1.0 e 

6.5 e 

50 

50 

50 

%umber of kilowatt-hours pe r  ton of NH3 varies with current density in  Allis-Chalmers ce l l s  a s  follows: a t  400, 800, 1200, and 1600 amp/ft2, 

bGallons per  ton of NH3 = 7500, 11,100, 15,900, and 17,600 for above current densi t ies  respectively. 
‘7, 12, 30, and 50$/1000 gal. 
d6, 15, 30, and SO$/MMBtu. 
e2. 6, 15. and 2S$/MMBtu. 

kwhr/ton = 7430, 7760, 8240, and 8770 respectively. 
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Table  7. Manpower v s  Capacity Equations for Al l  P r o d u c t s  

Manpower Equation, 
Product M = Number of Operators per Shift Remarks 

N = tons of NH3 per day = e0.000462N 
H Z  

N 2  

NH 3 

HNO 

NH ,NO 

Urea 

M = l  

M = 0.318 

M = ( N / 5 0 0 ) 0 - 6 5  

M = 15 ( N / 6 2 5 ) 0 . 8 3  

M ,  = 2.57 (N /625)0 .70  

M = 10 (N /300)0 .69  

Nitric phosphate 

p , (EF) 

P 4  to H 3 P 0 ,  

H2S04 

M = 16 ( N / 4 3 2 ) 0 . 6 7  

M = 25 + 3 [ ( N / 6 8 7 )  - 11 

M = N/300  

M = 4, N < 600 
M = 5, 600 < N < 1200 
M = 6 ,  1200 < N 

M = 21, N < 630 
M = 25,  630 < N < 1230 
M = 21 + 4 [ (N /1200)  - 11, 1230 < N 

M = 0.149 NOe7' 

H 3 P 0 4  ( W A )  

A1,03 refining 

A1 smelting M = 0.95 

A1 fabrication 

Salt (NaC1) 

C12 (-NaOH) 

M = 2.82 

M = 100 (N /3000)0 .69  

M = 3 ( N / 3 0 0 ) 0 . 5 8  

M m  = 4 ( N / 3 0 0 ) 0 ' 8 1  
M s  = 1 (N /300)0 .50  

< M = 2,  N = 1130 
M = 4 ,  N >  1130 

N = tons of NH per day 3 

Maintenance 

N = tons of P205 per day 

Maintenance 
Supervision 

8 

50% NaOH 

. 
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Table  8. Tota l  Monpower Requirements at  Reference Capaci t ies  far All  Products 

C = capacity (tons of product per day) 
M = total  operating personnel, men per  shift; for total manpower requirements assume four sh i f t s  

I I1 I11 IV 

C M C M C M C M 

. 

~ ~~~ 

Hydrogen 54 3 108 3 180 3 540 9 

Nitrogen 250 1 500 1 833 1 2500 1 

Ammonia (including H2) 300 8 600 8 1,000 8 3000 20 

Nitric acid 320 3 640 3 1,067 3 3200 9 

Ammonium nitrate 400 11 800 22 1,333 33 4000 8 1  

Urea 300 12 600 22 1,000 30 3000 66 

Nitric phosphate 450 36 900 5 1  1,500 68 4500 118 

Phosphorus (EF)a 300 37 600 37 1,500 52 3435 77 

P to H P O  conversione 300 1 600 2 1,500 5 3435 12 
4 3 4  

Sulfuric ac id  900 4 1800 4 4,500 6 

Phosphoric a c i d e  (WA) 300 34 600 42 1,500 63 3435 96 

Alumina 274 8 5 48 13 1,370 27 

Aluminum smelting 137 60 2 74 103 685 205 

Aluminum fabrication 137 96 2 74 157 685 304 

Solar salt 3000 100 9000 220 15,000 300 

Chlorine 300 8 500 11 1,000 17 2000 29 

Chlorine-caustic soda‘ 300 10 500 13 1,000 19 2000 33 

aCapacity is tons/day of P 0 
2 5’ 

Capacity is tons/day of A1 0 6 
2 3’ 

‘Capacity given is tons/day of C12; for NaOH production, 1 ton of C12 is equivalent to 1.13 tons of caus t ic  soda. 

N H 4 N 0 3  production and both maintenance and 
supervisory labor  for chlorine-caustic production 
a r e  a l s o  given in  exponent ia l  equation form. Typ- 
ical total  manpower requirements for a l l  products a t  
their four reference c a p a c i t i e s  a r e  shown in T a b l e  
8. All manpower equat ions  were handled as fixed 
point numbers, and t h e s e  were rounded down t o  t h e  
neares t  whole number. 

Other Materials Costs  

T h e  l a s t  of the direct  c o s t s  which were evaluated 
is for other mater ia ls ,  which include operating ma- 
te r ia l s  and suppl ies  (other than raw materials), 
maintenance s u p p l i e s ,  and c a t a l y s t s  and chemicals .  

The  method of obtaining t h e s e  c o s t s ,  which a r e  
usual ly  s m a l l ,  is shown in T a b l e  9. Costs of oper- 
a t ing  suppl ies  a r e  generally obtained as a fraction 
of labor cos t ,  but in  two cases (electrolyt ic  hy- 
drogen and s o l a r  s a l t )  they were determined as  a 
fraction of plant  investment .  In s e v e r a l  other cases 
they a r e  a cons tan t  cos t .  T h e  major part of the  
operating supply c o s t s  for N H 4 N 0 3 ,  urea,  and ni t r ic  
phosphate production i s  p l a s t i c  bags  for bagging 
the products; in  e a c h  case 21 bags  a t  30q a p i e c e  
a r e  required per  ton of product. Maintenance ma- 
terial c o s t s  a r e  in a l l  cases determined as a frac- 
tion of plant cap i ta l  investment;  th i s  fraction var ies  
from 2 to  10% for t h e  var ious products. Cata lys t  
and chemical c o s t s  a r e  cons tan ts  in  a l l  cases ex-  
cept  for wet-process  phosphoric  ac id ,  where c o s t s  
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Table 9. Other Materials Costs for Production of A l l  Products 

L = t o t a l  labor c o s t s  

F = capital  cos t  factor = 
plant cos t  

(365 days/year) (plant efficiency) ( tons  of product per day) 

Cost (dollars per ton of product) 

Operating Supplies Maintenance Materials Cata lys t s  and Chemicals 
Product 

0.002F 0.02F 
H *  

(E) 
(R) 0.05L 0.02F 0.75 

N 2  (E) 0.20 

NH 3 
0.05L 0.02F 0.25 (E) 

( R) 0.05L 0.02F 1.00 

HNO 0.05L 0.02F 0.40 

NH ,NO O . O S L ,  + 6.30 0.02F 1.50 

Urea 6.65 0.03 F 1.00 

Nitric phosphate 6.80 0.04F 1.10 

P, (EF) 0.05L 0 .04F  0.83 

P, to H 3 P 0 ,  0.10F 

H2S04 

H 3 P 0 ,  (WA) 0.06F 0.05F 

A1 2O 3 0.60 0.02F 0.10 

A1 smelting 0.02F 

A1 fabrication 0.031F 0.75 

Salt  (NaCl) 0.05F 0.05F 

C12 (-NaOH) 0.70 0.022F 3.70 

50% NaOH 0.02F 

HC1 0.02F 

a r e  given as  a fract ion of to ta l  plant  cost .  Of t h e  
$3.70 ca ta lys t  and chemica l  c o s t  for the  caust ic-  
chlorine plant, 92% is for e lec t ro ly t ic  cell renewal 
mate rials. 

T h e  sum of all t h e  previous c o s t s  is t h e  total  
direct operating c o s t  . 

Indirect Costs 

T h e  indirect  c o s t  fac tor  u s e d  in  the energy center  
study, Eq. (2), r e f l e c t s  a l lowances  for depreciation, 

debt service,  and  i n t e r e s t  during construction. De- 
preciation and  debt  s e r v i c e  were  ca lcu la ted  by 
means of t h e  capi ta l  recovery factor, crf: 

i(1 + i)" 

( l + i ) " - l '  
crf = 

where i is in te res t  r a t e  or  cost of borrowed money 
and R is investment  l i fe t ime in  years .  Industrial 
plants  were assumed t o  h a v e  a uniform lifetime of 
15 years. T h i s  is conserva t ive  for a process  such  
as aluminum but may b e  opt imis t ic  for a process  
such  a s  electrolyt ic  hydrogen. Four  va lues  of t h e  
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c o s t  of money were evaluated:  2.5, 5, 10, and 20%. 
Tabular  data  on capital-dependent indirect  c o s t s  
a r e  reported a s  dol lars  per ton of product and a r e  
obtained by 

dollars/ton = crf C/365EN , (3) 

where 
365 = number of d a y s  per year ,  

C = battery l imits plant  investment,  

E = plant on-stream eff ic iency a s  a decimal 
fraction, 

N = plant capaci ty  in  tons  of product per day. 

T o  obtain the  in te res t  on working capi ta l  t h e  four 
operating c o s t s  and t h e  interest-dependent indirect  
c o s t s  (in dol lars  per ton) a r e  added together to  give 
the sum S,  which is then u s e d  in the  equation 

S 

(365E/60i) - 1 
interest  on working capi ta l  = - (4) 

The  values  of E for t h e  different p rocesses  s tudied 
are given below. F ina l ly ,  g ross  manufacturing 
c o s t s  were computed a s  the  sum of a l l  direct  and 
indirect  c o s t s  by adding in te res t  on working capi ta l  
to the prior sum S. 

On-Stream Efficiency and Plant Reliability 

In general ,  few industr ia l  plants  operate  e i ther  
continuously or a t  ful l  capaci ty  at all t imes.  In 
order to  take t h i s  into account ,  a n  on-stream effi- 
ciency factor based  on expe r i ence  in the  various 
chemical and metallurgical indus t r ies  was used. 
The  on-stream efficiency factor  employed for a m -  
monia and ammonia-derived fer t i l izer  manufacture 
and for caustic-chlorine production was  0.95. For  
production of phosphoric ac id ,  both by the  wet acid 
process  and from e lec t r ic  furnace phosphorus, a 
factor of 0.93 w a s  used.  T h e  factor for the  so la r  
saltworks was  0.91. T h e  aluminum production fa- 
cility was  assumed to have  an on-stream efficiency 
factor  of 1.00. 

2. COMPUTER CODE DESCRIPTION 

T h i s  sec t ion  inc ludes  a brief description of the 
computer-code subrout ines  u s e d  to generate build- 
ing block and industr ia l  complex c o s t s  and includes 

typical output s h e e t s  for all the  subroutines em-  
ployed. 

All programs were writ ten in  FORTRAN 63 for  
u s e  with a CDC 1604 computer. '  Four  groups of 
subroutines were writ ten for determining capi ta l  
and manufacturing c o s t s  of (1) H z ,  N Z ,  NH3, H N 0 3 ,  
NH4N03, urea,  and ni t r ic  phosphate;  (2) H z S 0 4 ,  
H 3 P 0 4 ,  P 4 ,  and conversion of P4  to H 3 P 0 4 ;  (3) 
A1203,  aluminum smelt ing,  and aluminum fabrica- 
tion; and (4) s a l t  (NaCl),  NaOH-Cl,, 50% NaOH, 
and HC1. Each of the  subrout ines  w a s  under the  
control of the ca l l ing  program AISP1, which guided 
the computations. Subroutines INPUT and CHECK 
read in and printed out  the  input  and output data  
respectively.  

T h e  four subrout ines  CALCI, PHOSCC, 
CALCALC, and CALCLC compute t h e  battery 
l imi t s  plant cap i ta l  i nves tmen t s  a t  any capacity 
for each of the  product groups l i s ted  above respec- 
tively; printout is achieved through subroutines 
OUTl ,  OUTPCC, OUTALC, and OUTCLC respec- 
tively. Subroutine CALCI a l s o  permits a n  evalua- 
tion of capi ta l  c o s t  differences resul t ing from t h e  
u s e  of different current d e n s i t i e s  for the Allis-  
Chalmers and General E l e c t r i c  water e lectrolysis  
cells. Subroutine PHOSOC a l lows  the  u s e  of two 
capi ta l  c o s t  v s  capaci ty  equa t ions  for low, inter- 
mediate,  and high e lec t r ic  furnace phosphorus plant 
capac i t ies  respect ively.  

Manufacturing c o s t s  for e a c h  of the  products in  the 
four product groups were then computed. Each group 
will now be d i s c u s s e d  in turn. Subroutine CALCH 
ca lcu la tes  t h e  production c o s t  of hydrogen both by 
the electrolysis  of water  and by steam-naphtha re- 
forming. A unique feature  of subroutine CALCH is 
that it permits c o s t  evaluat ion for different electro- 
lyt ic  cell current d e n s i t i e s  in  the  electrolyt ic  hy- 
drogen case. T h e  output from th is  subroutine is 
entered a s  a raw mater ia ls  c o s t  into subroutine 
CALCN, which computes ammonia manufacturing 
c o s t  for both hydrogen sources .  Subroutine CALCN 
a l s o  computes the  production c o s t  of nitrogen by 
air  l iquefaction for u s e  in  determining ammonia pro- 
duction c o s t  for the electrolyt ic  hydrogen case 
only. T h e  output from subrout ine CALCN is 
entered a s  a raw mater ia ls  c o s t  in to  each  of the 
remaining subrout ines ,  s i n c e  each  of them requires 
ammonia as an input.  Subroutine CALC8 computes 

'Has s ince  been rewritten i n  FORTRAN IV for u s e  
with an IBM 360 computer. 
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the  manufacturing c o s t  for ni t r ic  ac id ,  and i t s  out- 
put is used  as a n  input  to subrout ines  CALC9 and  
CALCNP, which compute the  production c o s t  of 
ammonium ni t ra te  and  n i t r ic  phosphate  respectively. 
Final ly ,  subrout ine CALCUR c a l c u l a t e s  the pro- 
duction c o s t  of urea. In a l l  the  l a s t  four subrou- 
t ines ,  calculat ions aga in  inc lude  the  u s e  of hy- 
drogen from both sources .  T h e  printout of a l l  s i x  
of the  above subrout ines  is done with subroutine 
OUT 2. 

Phosphoric  a c i d  manufacturing c o s t s  a re  com- 
puted with subrout ines  PHOSOC and H2S04. Sub- 
routine PHOSOC computes  the  manufacturing c o s t  
of elemental phosphorus by the e lec t r ic  furnace 
method and phosphoric a c i d  by t h e  wet  ac id  
process. Subroutine H2S04 c a l c u l a t e s  the  produc- 
tion cost of sulfur ic  a c i d ,  which i s  entered into 
subroutine PHOSOC as  a raw mater ia ls  c o s t  for the  
wet ac id  process ,  and the cost of converting ele- 
mental phosphorus t o  phosphoric ac id ,  which i s  
entered into subrout ine PHOSOC at  the  end  as  a n  
added cost .  A feature  of subrout ine PHOSOC is 
that i t  contains ,  a t  the  s t a r t  of the  subroutine, a 
material balance computation which permits dif- 
ferent phosphate  rock a s s a y s  to  b e  entered as  in- 
put. Printout for subrout ine PHOSOC is done with 
subroutine OUTPOC. 

T h e  c o s t  of producing alumina and aluminum i s  
computed by subrout ines  CALCALE,  CALCALS, 
and CALCALF. Subroutine CALCALE ca lcu la tes  
alumina refining (from bauxite) c o s t s .  Subroutine 
CALCALS c a l c u l a t e s  t h e  c o s t s  of t h e  electrolyt ic  
smelt ing of alumina t o  produce molten aluminum 
and includes also t h e  manufacturing c o s t s  of t h e  
carbon anodes  required for smelt ing.  Alumina raw 
material cost c a n  b e  entered in to  subroutine 
CALCALS ei ther  a s  a cons tan t  or as the c o s t  a s  
computed i n  subrout ine CALCALE. Final ly ,  sub-  
routine CALCALF computes  t h e  c o s t  of producing 
aluminum s h e e t  and bar  u s i n g  t h e  molten aluminum 
c o s t s ,  calculated in  subrout ine CALCALS, as  a 
raw material c o s t  input. T h e  printout for these 
three subrout ines  is achieved  through t h e  u s e  of 
subroutine OUTALO. 

product group - s a l t ,  C l ? ,  50% NaOH, and HC1 - 
a r e  calculated with subrout ines  CALSOLO, 
CALCLO, and  CASHCL. Subroutine CALSOLO 
computes the  production c o s t  of s o l a r  s a l t ;  subrou- 
tine CALCLO, the c o s t  of producing chlorine by 
brine electrolysis ;  and subrout ine CASHCL, the  
c o s t s  for producing 50% c a u s t i c  for sale from the  

Manufacturing c o s t s  for the  products of the f inal  

c e l l  liquor and HC1 for s e a w a t e r  treatment by t h e  
recombination of hydrogen and  chlor ine from the  
e lec t ro lys i s  c e l l s .  Sal t  raw mater ia l  c o s t  can  b e  
entered into subrout ine C A L C L O  ei ther  a s  a set of 
cons tan ts  or a s  the  c o s t  determined in  subrout ine 
CALSOLO. Subroutine CALCLO c a n  also take into 
account  varying s a l t  requirements  determined by 
the ratio of C l z  t o  NaOH des i red  for sale, which 
can in  turn b e  s e t  by t h e  rat io  of HCl to  NaOH used  
for seawater  treatment. A s  noted previously, u s e  
of NaOH-NaC1 cell liquor for s e a w a t e r  treatment 
resul ts  in  loss of t h e  contained s a l t  and i n c r e a s e s  
the  s a l t  requirement for t h e  brine e lec t ro lys i s  plant; 
when 50% NaOH is produced, t h e  contained s a l t  
precipi ta tes  and is recycled t o  t h e  e lec t ro lys i s  
ce l l s .  Pr intout  of resul ts  for t h e s e  subrout ines  is 
done by subrout ine OUTCLO. 

Typical  output d a t a  for a l l  t h e  above  subrout ines  
a r e  given in F i g s .  1-17. T h e  f igures  a r e  preceded 
by a n  index t o  acquain t  the  reader  with the  format 
used  in  the ca lcu la t ions .  

Computer Program for Industr ia l  Complexing 

F o r  computer programming, a main cal l ing routine, 
AISP-2, and a subrout ine,  COMPLEK, were written 
to  perform all ca lcu la t ions  n e c e s s a r y  t o  combine 
c o s t s  of the var ious indus t r ia l  p r o c e s s e s  into a 
complex u s i n g  subrout ines  from the  building block 
program AISP-1 and computed off-site facility 
cos ts .  

T h e  resul ts  of a typica l  computer run for a com- 
plex located i n  a developing country a r e  shown in 
F i g s .  18 and 1 9  for a c o s t  of money of 10%. Figure  
18 provides a summary of t h e  annual  tonnages and 
c o s t s  of major raw mater ia l s  needed  for the  com- 
plex. T h e  example complex, which produces am-  
monia, e lemental  phosphorus,  aluminum, caus t ic ,  
and chlorine, requires  bauxi te ,  phosphate  rock, 
coke,  and silica gravel  as raw mater ia ls .  P e a k  
e lec t r ica l  load ,  a c t u a l  total annual  power, and peak 
prime s team requirements a r e  also l i s t e d  in  the out- 
put from the computer program. T h e s e  utility d a t a  
a r e  used  i n  s i z i n g  t h e  reactor  for t h e  h e a t  and 
power requirements of t h e  combined industr ies  in  a 
nuclear  industr ia l  or nuc lear  agro-industrial com- 
plex, as descr ibed  in  Chap. 7 of ORNL-4290. 

c o s t s  a t  the four power costs of 1 ,  2 ,  4 ,  and 8 
mills/kwhr, indirect  c o s t s ,  and  annual  product 
va lues  a r e  tabulated in  F ig .  19. 

Capac i t ies ,  cap i ta l  inves tments ,  annual  operat ing . 
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INDEX T O  INDUSTRIAL BUILDING BLOCK TYPICAL OUTPUT SHEETS 

Figure No. Subroutine Cos t  Type Products  

1 CALCl  Capital  H,, N,, NH3, and NH, derivatives 

H 2  
2 CALCH Manufacturing 

3 CALCN Manufacturing NH, and N 2  

4 CALC8 Manufacturing HNO , 
5 CALC9 Manufacturing NH 4 N 0  , 
6 CALCUR Manufacturing Urea 

7 CALCNP Manu fa c turing Nitric phosphate 

8 PHOSCC Capital  P 4  and H 3 P 0 4  

9 PHOSOC Manufacturing P and H ,PO 

10 CAL C ALC Capital A1203, aluminum smelting, and aluminum 
fabrication 

A1 0 refining 
2 3  

11 C AL C AL E Manufacturing 

CALCALS Manufacturing Aluminum smelting 12 

c CALCALF Manufacturing Aluminum fabrication 13 

1 4  CALCLC Capital  NaCl, NaOH-CI,, 50% NaOH, HCI, and 

solar s a l t  

15  CALSOLO Manufacturing Solar NaCl 

16  CALCLO Manufacturing Brine electrolysis 

17 CASHCL Manufacturing 50% NaOH 



16 

TABLE I C A P I T A L  INVESTHENTS,  MILLIONS 5lF $ 1 0 0 0  ldN/DAY NH$, PLANT 

C A P A C I T Y  PLANT I N V E S T M E N T  

I H Y U R e GtN PLANT 

3 TOTAL hH.$ 
2 NH3 PLPNT 

ELECTHeLyTIC 

1 O a 0 , O o  18,498 I 3 9  
I I 67.94 5 , 2 5 6  I 3 0  

28,293741 
1459. 92 4,539473 

. 

Fig. 1. Typica l  Computer Output of Capital  Costs o f  H2, N2, NH3, HN03,  NH4N03, Urea,  and N i t r i c  Phosphate 

Plants. . 
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F ig .  2. Typica l  Computer Output of Hydrogen Monufocturing Costs. 
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Fig.  4. Typica l  Computer Output of N i t r i c  Acid  (for Ammonium Ni t rate)  Manufacturing Costs. 
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Fig. 8. Typ ica l  Computer Output of Cap i ta l  Costs of Elemental  Phosphorus and Phosphoric Ac id  Plants. 
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F ig .  9 .  T y p i c a l  Computer Output of Elemental  Phosphorus and Phosphoric A c i d  Manufactur ing Costs. 
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C A P P C  I T Y  PLANT I N V E S T M E N T  

F i g .  10. Typical  Computer Output of C a p i t a l  Costs  of Alumina Ref in ing and Aluminum Smelting and Fabrication 

Plants.  
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8 E L E C T R ~ L Y T E  
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Fig. 11 .  T y p i c a l  Computer Output o f  Alumina Refining Costs. 
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Fig,  18. Typ ica l  Computer Output for  Row Mater ia l  and U t i l i t y  Requirements of on Indust r io l -Only  Complex. 

Fig. 19. Typ ica l  Computer Output of Cop i to l  Costs, Annual Cos t  of Production, Annual Value of Product, ond 

Turnover Ratio o f  on Indust r ia l -Only  Complex. 
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3. SUMMARY OF COST DATA FOR MAKING 
INDUSTRIAL BUILDING BLOCK AND 

COMPLEXING COST STUDIES 

T h i s  sec t ion  is a compilation of tab les  which 
wil l  permit t h e  in te res ted  reader  e a s i l y  and rapidly 
to obtain any industr ia l  manufacturing cost calcu-  
la ted  i n  t h e  computer s t u d i e s .  When u s e d  with dis-  
cretion, appropriate l inear  extrapolation of  va lues  
wil l  permit the evaluat ion of c o s t s  for the full 
range of all parameters tha t  were considered. Bet te r  
extrapolations of nonl inear  funct ions c a n  be  
achieved, however, by u s i n g  the tabular data  for 
plotting the  required graphs; in  a lmost  all cases 
the tabulated da ta  a r e  suf f ic ien t  for plotting large- 
scale graphs. F o r  a complete  explanat ion of t h e  
data ,  Chap. 5 of ORNL-4290 should b e  consulted. 

To obtain t h e  gross  manufacturing cost of any 
product the  four d i rec t  c o s t s  (raw mater ia ls ,  util- 
i t i es ,  labor and overhead,  and other  materials) and  
the indirect c o s t s  a r e  obtained from the  tab les  and 
summed; t h e  in te res t  on working capi ta l  (Iw,) is 
then obtained from t h e  equat ion 

S 

(365E/60i) - 1 ’ I w c  = 

where S is the  prior sum,  i is c o s t  of  money as  a 
decimal fraction, and E is t h e  plant  on-stream effi- 
c iency,  also as a decimal  fraction. Gross  manu- 
facturing c o s t  is finally obtained by adding this 
value to  the  prior sum S. T h e  on-stream efficiency 
for hydrogen, ammonia, ammonia der ivat ives ,  alu- 
minum, and caust ic-chlor ine is 0.95; for phosphorus 
and phosphoric a c i d ,  0.93; and  for s o l a r  s a l t ,  0.91. 

An index to all the t a b l e s  precedes  t h e  tab les .  
At the top of e a c h  t a b l e  t h e  product whose c o s t s  
a r e  presented is given f i rs t .  C o s t s  a r e  tabulated 
for each of t h e  f ive  c o s t  components in  the  same 
order as  previously given. 

Raw mater ia ls  c o s t s  of primary e lec t r ic  furnace 
phosphorus, alumina, and chlor ine a r e  functions 
only of naphtha, phosphate  rock, bauxi te ,  and s a l t  
c o s t s  respectively. Raw mater ia l s  c o s t s  for hy- 
drogen and so lar  salt a r e  zero. Ut i l i t i es  c o s t s  a r e  
generally a function of power cost only. Labor  
c o s t s  and the costs of o ther  mater ia l s  a r e  functions 
of plant capaci ty  only, and  the  indirect  costs a r e  
functions of plant  size a n d  cost of money. 

I t  w a s  decided to  p r e s e n t  t h e s e  c o s t  t ab les  for 
component costs rather than  for to ta l  manufacturing 
cos ts ,  because  i t  is bel ieved that  presentation in  

th i s  manner g ives  a be t te r  appreciat ion of the  var- 
ious  c o s t s ;  i n  addi t ion,  presentat ion i n  th i s  form 
requires  somewhat  less s p a c e .  T h e  amount of 
arithmetic required to obtain any manufacturing c o s t  
is very s l ight .  

With a small  amount of addi t ional  d a t a  the infor- 
mation in  T a b l e s  11 through 31 c a n  b e  used  to  com- 
pute costs for a United S t a t e s  indus t r ia l  complex 
producing any or  all of the  l i s t e d  products. Such a 
complex is exc lus ive  of a nuclear  reactor, s e a w a t e r  
evaporator, o r  food factory; a full d i scuss ion  of t h e  
inclusion of t h e s e  facilities is given i n  Chap. 7 of  
the main report (ORNL-4290). 

T h e  additional information required inc ludes  (1) 
T a b l e  2,  which is a summary of t h e  capi ta l  c o s t s  
of all plants  at  their  reference capac i t ies ;  (2) Fig. 
20, which is a plot of t h e  off-s i te  costs v s  total  
battery limits cap i ta l  investment  c o s t s  for all of  
the  production p lan ts  i n  a complex; and ( 3 )  Table  
10, which presents  t h e  product v a l u e s  (for both 
United S t a t e s  and non-United S t a t e s  conditions) 
used  in  the  complexing s t u d i e s .  

United S ta tes  complex, t h e  d i rec t  costs for e a c h  
plant a t  the  des i red  capac i ty  a r e  f i rs t  determined 
from t h e  appropriate tab les ,  summed, and then mul- 
tiplied by t h e  annual  production rate. T h e  annual  

To determine the  annual  manufacturing c o s t s  of a 

Fig. 20. Off-Sites Capital  Costs o s  Function of  Total  

Plant  Capital  Costs. 
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direct  c o s t s  for all p lan ts  a r e  then summed. T h e  
s a m e  procedure is then repeated for the  indirect 
costs, and t h e  in te res t  on working capi ta l  is com- 
puted as descr ibed ear l ie r ,  u s i n g  a “complex” on- 
stream eff ic iency of 94%. 

In order to  determine t h e  capi ta l  c o s t  of off-site 
fac i l i t i es  the  capi ta l  c o s t s  of all battery limits 
plants  included i n  t h e  complex a r e  obtained for t h e  
appropriate c a p a c i t i e s  and  summed. In case ex- 
trapolation of t h e s e  v a l u e s  is required, logarithmic 
rather than l inear  extrapolat ions should b e  made. 
Where a product is made i n  s e v e r a l  s t e p s ,  as, for  
example, fabricated aluminum from alumina refining, 
aluminum smelting, and  finally aluminum fabrica- 
tion, the  capi ta l  costs for all process  s t e p s  a r e  in- 
cluded. T h e  investment  i n  off-s i tes  is then ob- 
ta ined from Fig.  20. F ina l ly ,  the  indirect c o s t s  
assoc ia ted  with the  investment  i n  off-site fac i l i t i es  
a r e  obtained by us ing  E q s .  (2) and (3). 

Tota l  manufacturing c o s t  for the  complex is de- 
termined as t h e  sum of t h e  annual  direct  c o s t s  and 
indirect costs ( including i n t e r e s t  on working cap- 
i ta l )  of all production p lan ts  p lus  t h e  indirect c o s t s  
of the  off-site facilities. Income from sale of 
products from t h e  complex is found a s  the  product 
of the  annual tonnage t imes i t s  sale price (from 
Table  10)  for e a c h  product; to ta l  complex income 
is the  summation of all individual  product incomes. 

In those  complexes i n  which both ammonia and 
chlorine a r e  produced, t h e  hydrogen from brine 
electrolysis  is assumed to be  u s e d  in  the produc- 
tion of additional ammonia. T h u s ,  if the  quantity 
of both products is fixed, t h e  hydrogen require- 
ments from water  e l e c t r o l y s i s  or  steam-naphtha re- 
forming are  reduced accordingly,  a long  with the  
appropriate capi ta l  and operat ing cos ts .  

In  the case of production of ammonia from re- 
formed hydrogen, no a i r  l iquefact ion plant to pro- 
vide nitrogen is included s i n c e  t h e  nitrogen i s  
assumed to  b e  ava i lab le  from the  reformer off- 
gases .  When ni t r ic  a c i d  is produced, the  u s e  of 
the nitric acid t a i l  g a s e s  as  a source  of nitrogen i s  
optional; thus  the  requirement for an a i r  liquefac- 
tion plant i s  mandatory only when ammonia (but not 
nitric acid) is produced from electrolyt ic  hydrogen. 

When secondary ammonia products a r e  made, the  
amount of s a l a b l e  ammonia is reduced by the 
amount converted to  secondary  products. A l i s t  of 

the  amounts of ammonia required for the  various 
secondary p r o c e s s e s  i s  contained i n  Table  5. 

T h e  conversion of indus t r ia l  complex c o s t s  to 
non-United S t a t e s  condi t ions cannot  be  done ex- 
act ly  with the  d a t a  presented so far, but  approxi- 
mations can  b e  made. T h e s e  approximations can  
b e  improved if par t icular  c a r e  is taken in the  con- 
version of raw mater ia l s  costs. To provide a bet ter  
understanding of the  conversion process ,  each  of 
the cost components wil l  be  d i s c u s s e d  individually. 

Raw material p r ices  assumed for United S ta tes  
and non-united S t a t e s  loca t ions  a r e  l i s ted  in T a b l e  
10, part A.  Uti l i t i es  c o s t s  for United S ta tes  and  
non-United S t a t e s  cases a r e  t h e  s a m e  if power 
(water and steam) rates a r e  unchanged; if changed, 
the c o s t s  can  be  converted linearly. Labor  and 
overhead costs wil l ,  in  general ,  be  reduced. In the 
cases evaluated i t  w a s  assumed that  the non- 
United S ta tes  labor c o s t  w a s  $0.67 per hour ( v s  
$4.00 per hour for t h e  United S ta tes )  but that  three 
times as  much labor  w a s  required. T h i s  resul ts  in 
a comparative non-United S t a t e s  labor c o s t  of $2.00 
per United S ta tes  man-hour ($0.67 x 3), half t h e  
total  labor c o s t  under United S t a t e s  conditions. 
Overhead w a s  60% of to ta l  labor in  both cases. 
T h e  c o s t  of s u p p l i e s  and other  mater ia ls  is in- 
c reased  but by different amounts  for different 
products. Since t h i s  item is generally a small  frac- 
tion of total  c o s t s ,  a n  average  i n c r e a s e  of 10% may 
be taken. 

With regard t o  plant  cap i ta l  c o s t s ,  the  United 
S ta tes  c o s t  for e a c h  plant  w a s  divided into two 
parts: the part of the  total  c o s t  of plant and equip- 
ment which could b e  obtained from indigenous 
sources  and t h e  part which must b e  imported. E a c h  
part is then multiplied by a n  appropriate conversion 
factor, and the  modified c o s t s  a r e  recombined t o  
give the  equivalent  non-United S t a t e s  plant  invest-  
ment cost .  In our s t u d i e s  a conversion factor of 
1.00 w a s  generally u s e d  for the  local or indigenous 
part and 1.2 for t h e  imported part, thereby resul t ing 
in  a non-United S t a t e s  capi ta l  c o s t  between 1.0 and  
1.2 t i m e s  the corresponding United S ta tes  cos ts .  
Off-site capi ta l  c o s t s  were determined in  t h e  same 
way that  they were for United S t a t e s  complexes. 
Similarly, indirect  c o s t s  for both plants  and off 
sites were determined a s  before, us ing  the  non- 
United S ta tes  capi ta l  costs. 
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Table  10. Assumed R a w  Mater ia l  Costs and Product Sales Pr ices  

A. Raw Mater ia l  C o s t s  

Material Cos t  (dollars/ton) a 

Naphtha 15, 22, 27, 35 

Elemental  phosphorus 

5.50, 9 2 ,  17, 24 (19) - Phosphate  rock 

Sulfur 32, 50, 65, 80 

Aluminum 
Bauxite 

Alumina 

3 ,4 ,  11, 14  (5.50) 

60, 77 

_. 

Caustic-chlorine 

1, 5, 6, 10 - Salt  

8. Product Sales Pr ices  

Product Sa les  P r i ceb  (dollars/ton) 
Product 

United S ta t e s  P r i ce  Non-United S ta t e s  P r i c e  

Fabricated Aluminum 740 800 

Ammonia 30 45 

Phosphorus 229 300 

Chlorine 50 d 

Caus t ic  d 80 

Urea 60 75 

Ammonium Nitrate 50 65 

Nitric Phosphatee  60 80 

Solar Salt d 4 

aTypical values used  in evaluating product manufacturing cos ts :  those  values that a re  singly underlined were 
assumed representative of United S ta t e s  locations; doubly underlined va lues  a re  typical of non-United S ta t e s  loca- 
tions. 

bF.o.b. factory. 

‘The price used  in ORNL-4290 was  $650 per ton; however, th i s  price is too low to give a reasonable return on 

dAssumed to have no value because  of marketing considerations. 
‘Product analysis:  N, 27%; P , 0 5 ,  14%; K 2 0 ,  0. 

investment in the fabrication facility. 
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T a b l e  11. Electrolyt ic  Hydrogen from Allis-Cholmers Cells 

Cos t s  in dollars per ton of equivalent NH (0.18 ton of H 
3 2 

= 1 ton of NH,); 
one  ton of ammonia requires 66,700 ft3 (std) of hydrogen (standard 

conditions, dry gas  a t  60°F and 1 atm) 

I. Direct  Costs  

A. R a w  Mater ials Costs 

No cos t  for raw materials 

B. U t i l i t i e s  Costs  

A s  a function of power cos t  and current density 

Cos t  for Power Cos t  of - Current Density 

(amp/ft2) 1 mill/kwhr 2 mills/kwhr 4 mills/kwhr 8 mills/kwhr 

400 
800 

1200 
1600 

7.46 

7.83 
8.34 

8.89 

14.88 

15.60 
16.59 
17.68 

29.72 

31.15 
33.11 

35.25 

59.41 

62.25 
66.13 
70.40 

C. Labor and Overhead Costs 

As a function of plant capacity 

Item 
Cos t  for P l a n t  Capacity of - 

300 tons/day 600 tons/day 1000 tons/ day 3000 tons/day 

Labor 0.98a O.4ga 0.29a 0.2gb 
Overhead 0.59 0.29 0.18 0.18 

Tota l  1.57 0.78 0.47 0.47 
- __ - - 

D. Costs o f  Other Mater ials 

As a function of plant capacity and current density 

Cos t  for P l an t  Capacity of - 
300 tons/day 600 tons/day 1000 tons/ day 3000 tons/day 

Current Density 

(amp/ f tZ)  

400 
800 

1200 

1600 

1.57 
1.28 

1.14 

1.05 

1.49 

1.22 
1.08 

0.99 

1.43 
1.17 

1.04 

0.96 

1.32 
1.08 

0.96 

0.88 

. 
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Table  1 1  (continued) 

II. Indirect Costs 

As a function of plant capacity,  current density,  and cos t  of money 

Cos t  for P l an t  Capacity of - Current Density Cos t  of Money, 
(amp/ f t  i (70) 300 tons/day 600 tons/day 1000 tons/day 3000 tons/day 

400 

800 

1200 

1600 

2.5 

5 

10 

20 

2.5 

5 
10 

20 

2.5 

5 

10 

20 

2.5 

5 
10 

20 

5.76 

6.88 

9.39 

15.27 

4.71 

5.62 

8.68 

12.48 

4.18 

5.00 

6.82 

11.10 

3.85 

4.60 

6.27 

10.20 

5.46 

6.52 

8.90 

14.47 

4.47 

5.33 

7.27 

11.82 

3.97 

4.74 

6.47 

10.52 

3.65 

4.36 

5.95 
9.67 

5.26 

6.27 

8.55 
13.91 

4.30 

5.12 

6.99 

11.37 

3.82 

4.55 
6.22 

10.11 

3.51 
4.18 

5.72 

9.30 

4.83 

5.76 

7.86 
12.79 

3.95 
4.71 

6.42 
10.45 

3.51 

4.19 

5.71 

9.29 

3.22 

3.85 

5.25 

8.55 

aOne operator per shift. 

bThree operators per shift.  



T a b l e  12. Electrolyt ic  Hydrogen from General Electr ic  C e l l s  

Cos t s  in dollars per  ton of equivalent NH (0.18 ton of H,  = 1 ton of NH3) 
3 

Plan t  size: 180 tons/day 

I. Direct  Casts  

A. Raw Mater ials Costs 

No cos t  for raw materials 

6. U t i l i t i e s  Costs 

As a function of power cos t  and current density 

Cos t  for Power Cos t  of - Current Density 
(amp/ft2) 1 mill/kwhr 2 mills/kwhr 4 mills/kwhr 8 mills/kwhr 

1750 

2500 
3500 
5000 

7500 

5.72 
6.39 

7.30 

8.65 
10.90 

11.48 

12.80 

14.56 
17.20 

21.60 

23.01 
25.62 

29.09 

34.31 

42.99 

46.07 

51.25 

58.16 

68.52 

85.78 

C. Labor and Overhead Costs 

Labor and overhead costs:  $0.29 labora p lus  $0.18 overhead = $0.47 per  ton of NH3 

D. Costs of Other Mater ials 

As a function of current density and cell material cos t  

Cos t  for Current Density of - Cell Material Cos t  
(dollars/ft2) 1750 amp/ft2 2500 amp/ft2 3500 amp/ft2 5000 amp/ft2 7500 amp/ft2 

25 0.73 0.69 0.65 0.63 0.61 

50 0.90 0.80 0.73 0.69 0.65 

100 1.22 1.03 0.90 0.80 0.72 

II. Indirect  Costs 

As a function of  current density,  ce l l  material cost ,  and cos t  of money 

Cos t  for Current Densityb of - Cell Material Cos t  Cos t  of Money, 
(dollars/ f t  ’) i (700) 1750 amp/ft2 2500 amp/ft2 3500 amp/ft2 5000 amp/ft2 7500 amp/ft2 

25 2.5 2.69 2.52 2.40 2.30 2.24 

5 3.22 3.00 2.87 2.76 2.68 
10 4.39 4.10 3.90 3.76 3.64 

20 7.14 6.67 6.35 6.12 5.94 

50 2.5 3.29 2.94 2.69 2.52 2.38 
5 3.93 3.50 3.22 3.00 2.84 

10 5.36 4.77 4.39 4.10 3.88 

20 8.72 7.77 7.14 6.67 6.30 

100 2.5 4.49 3.77 3.29 2.94 2.65 

5 5.35 4.49 3.93 3.50 3.17 

10  7.30 6.14 5.36 4.77 4.43 

20 11.88 9.99 8.72 7.77 7.04 

eone  operator per shift. 

‘To maintain isothermal operation of the  General Elec t r ic  cell  a t  llOO°C, a certain minimum current density must 

b e  maintained so that I Z r  heating can  provide the  endothermic hea t  of reaction for the  water decomposition; for the 
configuration described here the  minimum current density is about 3500 amp/ft2. 
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Table  13. Electrolyt ic  Hydrogen from Advanced D e  Nora C e l l s  

Plan t  size: 180 tons/day; current density: 300 amp/ft2 

c o s t  
(dollars per  ton of equivalent NH ) "  Item 

3 

Raw materials cos t s  
No cos t  for raw materials 

Util i t ies c o s t s  

Power cos t  of: 
1 mill/kwhr 

2 mills/kwhr 
4 mills/kwhr 
8 mills/kwhr 

Labor and overhead cos t s  

Laborb  
Overhe ad  

Tota l  

Cos t s  of other materials 

Indirect c o s t s  

Cos t  of money, i, of: 

2.5% 

5% 
10% 
20% 

7.74 

15.44 
30.82 
61.60 

0.29 
0.18 

0.47 

1.21 

4.43 

5.28 

7.20 

11.72 

%6,700 f t3  of hydrogen per ton of NH3 (standard conditions, dry g a s  a t  60°F and 1 atm pressure). 

operator per  shift.  

T a b l e  14. Nitrogen for Ammonia Synthesis 

Manufacturing cos t  of nitrogen in dollars per ton of NH a s  a function of plant capacity and cos t  of money 
Source of nitrogen is an air  l iquefaction plant with recovery of 50% of the incoming a i r  a s  a c lean  product 
A = 0.180 x power cos t  in mills per kilowatt-hour, and this quantity must b e  added to the  l i s ted  c o s t s  

3 

Cos t  for Ammonia P l a n t  Size of - Cost  of Money, 

i (70) 300 tons/day 600 tons/day 1000 tons lday  3000 tons /  day 

2.5 

5 

10 

20 

0.87 + A 1.93 + A  1.44 + A 1.20 + A  

2.12 + A 1.59 + A  1.33 + A 0.96 + A 

2.56 + A 1.95 + A 1.64 + A 1.17 + A 

3.60 + A 2.78 + A 2.34 + A 1.67 + A 
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T a b l e  15. Ammonia from Electrolyt ic  Hydrogen: Al l is-Chalmers C e l l s  

Cos t s  i n  dollars per  ton of NH3. Includes a l l  c o s t s  assoc ia ted  with the  electrolytic hydrogen plant 

I. Direct  Costs 

A. Raw Mater ia ls  Casts 

For  cos t  of nitrogen required, see Table  14 

B. U t i l i t i e s  Costsa 

A s  a function of power c o s t  and current density 

Cos t  for Power  Cos t  of - Current Density 

(amp/ f t  1 mill/kwhr 2 mills/kwhr 4 mills/kwhr 8 mills/kwhr 

400 

800 

1200 

1600 

8.38 

8.75 

9.26 

9.82 

16.35 

17.07 

18.06 

19.15 

32.32 

33.75 

35.70 

37.84 

64.18 

67.02 

70.90 

75.17 

C. Labor and Overhead Costs 

A s  a function of plant capacity 

Cos t  for P l an t  Capacity of - 
300 tons/day 600 tons/day 1000 tons/day 3000 tons/day 

Item 

Labor 

0 verh e ad 

Total  

2.49 

1.50 

1.25 

0.75 

3.99 2.00 

0.75 

0.45 

1.20 
- 

0.65 
0.39 

1.04 
- 

D. Casts of  Other Mater ials 

As a function of plant capacity and current density 
.- - 

Cost  for P l an t  Capacity of - Current Density - 
(amp/ ft2) 300 tons/day 600 tons/day 1000 tons/day 3000 tons/day 

400 
800 

1200 
1600 

2.46 
2.17 

2.03 
1.94 

2.23 
1.96 
1.82 
1.74 

2.10 

1.83 
1.70 

1.62 

1.89 

1.64 

1.53 
1.45 
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T a b l e  IS (continued) 

II. Indirect Costs 

As a function of plant capacity, current density,  and cos t  of money 

Current Density Cos t  of Money, Cos t  for P l a n t  Capacity of - 
(amp/ f t  '3 i (%) 300 tons/day 600 tons/day 1000 tons/day 3000 tons/day 

400 

800 

1200 

1600 

2.5 
5 

10 

20 

2.5 

5 
10 

20 

2.5 
5 

10 

20 

2.5 

5 
10 
20 

7.81 
9.32 

12.72 

20.69 

6.76 

8.07 
11.00 
17.90 

6.24 
7.44 

10.15 

16.51 

5.90 

7.04 
9.60 

15.62 

7.19 
8.58 

11.70 
19.04 

6.19 

7.39 
10.088 
16.39 

5.69 
6.79 

9.26 
15.07 

5.37 
6.41 
8.74 

14.23 

6.77 
8.08 

11.02 

17.93 

5.82 
6.93 

9.46 

15.39 

5.34 
6.36 

8.69 
14.13 

5.03 

5.99 

8.19 
13.31 

5.98 
7.14 
9.74 

15.84 

5.10 

6.09 
8.31 

13.50 

4.66 
5.56 
7.59 

12.34 

4.38 

5.23 
7.13 

11.60 

9 n c l u d e s  525 kwhr/ton for compression of  synthes is  g a s  to 3000 psi. 
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Toble  16. Ammonia from Electrolyt ic  Hydrogen: General Electr ic  C e l l s  

Cos t s  i n  dollars per  ton of NH,. Includes a l l  c o s t s  a s soc ia t ed  with the electrolytic hydrogen plant  
P l an t  size: 

Cel l  cos t s  a r e  based  on a cost of $100.00 per square foot of act ive electrode surface 

1000 tons/day of NH, 

I. Direct  Costs 

A. Raw Moter iols Costs 

For  cost  of nitrogen required, see Tab le  1 4  

B. U t i l i t i e s  Costsa 

A s  a function of power c o s t  and current density 

Cos t  for Power  Cos t  of - 
1 miIl/kwhr 2 mills/kwhr 4 mills/kwhr 8 mills/kwhr 

Current Density 

(amp/ft2) 
~~ 

1750 

2500 
3500 

5000 
7500 

7.16 

7.83 

8.73 
10.08 

12.34 

13.98 

15.30 
17.06 
19.70 

24.10 

27.65 
30.26 

33.73 

38.94 

47.63 

54.94 
60.1'2 
67.03 

77.39 

94.65 

C. Labor and Overheod Costs 

3 
Labor and overhead costs:  $0.75 labor p lus  $0.45 overhead = $1.20 per  ton of NH 

D. Costs of  Other Moteriols 

As a function of current density 
~ 

Current Density 

(amp/ft2) 
c o s t  

1750 

2500 
3500 
5000 
7500 

1.97 
1.78 
1.65 

1.55 
1.47 

II. Indirect Costs 

A s  a function of current density and cost  of money 

Cos t  for Cos t  of Money, i, of - Current Density 
(amp/ft2) 2.5% 5 70 10% 20% 

1750 

2500 
3500 

5000 
7 500 

6.36 7.58 10.35 16.82 

5.63 6.72 9.18 14.93 

5.16 6.15 8.40 13.67 
4.81 5.73 7.82 12.72 

4.52 5.40 7.36 11.98 

Tnc ludes  1038 kwhr/ton for compression of hydrogen and nitrogen to 3000 psi. 
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T a b l e  17. Ammonia from Electrolyt ic  Hydrogen: Advanced D e  Nora C e l l s  

Inc ludes  a l l  cos t s  assoc ia ted  with the  electrolytic hydrogen p lan t  

P l a n t  size: 1000 tons/day of  NH3; current density: 300 amp/ft2 

c o s t  

(dollars per ton of NH,) Item 

Raw materials cos t s  

F o r  cos t  of nitrogen required, see Tab le  14  

Util i t ies c o s t s a  
Power  cos t  of: 

1 mill/kwhr 9.18 

2 mills/kwhr 17.93 

4 mills/kwhr 35.46 

8 mills/kwhr 70.46 

Labor  and overhead cos t s  
Laborb  

0 verhe a d 

Tota l  

0.75 

0.45 

1.20 

___ 

Cos t s  of other materials 1.96 

Indirect c o s t s  

Cos t  of money, i, of: 

2.5% 6.30 

5 70 7.51 

10% 10.24 

20% 16.66 

Tncludes  1083 kwhr/ton for compression of synthes is  g a s  from atmospheric pressure  to 3000 psi .  
b T ~ o  operators per shift.  
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T a b l e  18. Ammonia by Steam-Naphtha Reforming 

Cos t s  in dollars per ton of N H 3  

I. Direct  Costs 

A. Raw Mater ials Costs 

Raw materials cost: 0.80 t imes  naphtha cos t  (dollars/ton) 

B. U t i l i t i e s  Casts 

A s  a function of power cos t  

Power Cos t  
(mills/kwhr) c o s t  

1.63 

2.30 

3.64 
6.28 

C. Labor and Overhead Costs 

A s  a function of plant capacity 

Cos t  for P l an t  Capacity of - 
300 tons/  day 600 tons/  day 1000 tons/day 3000 tons/day 

Item 

Labor 2.4ga 

Overhead 1.50 

Tota l  3.99 

1.2sa 

0.75 

2.00 
- 

0.75 a 

0.45 

0.65 

0.39 

1.20 1.04 

D. Costs of  Other Mater ials 

A s  a function of plant capacity 

P lan t  Capacity 
(tons/day of NH3) c o s t  

300 

600 
1000 
3000 

2.71 

2.34 
2.14 
1.83 

I I .  Indirect  Costs 

As a function of plant capacity and cos t  of money 

Cost for P l an t  Capacity of - Cost  of Money, 
i (%) 300 tons/ day 600 tons/day 1000 tons/day 3000 tons/day 

2.5 6.13 5.01 4.30 3.13 

5 7.32 5.97 5.14 3.72 

10 9.98 8.15 7.01 5.09 
20 16.23 13.25 11.41 8.27 

a T ~ o  operators per shift. 

bFive operators per shift. 
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T a b l e  19. N i t r i c  Ac id  Production 

Cos t s  i n  dollars per ton of nitr ic ac id  

I. Direct  Costs 

A. R a w  Mater ia ls  Costs 

Raw materials cost: 0.29 t imes cos t  of ammonia (dollars/ton) 

B. U t i l i t i e s  Costs 

Power (5 kwhr/ton): 0.005 times cos t  of power (mills/kwhr) 

Cooling water (23,000 gal/ton): 0.23 t imes c o s t  of cooling water (cents/1000 gal) 
Boiler feedwater (340 gal/ton): 0.0034 times cos t  of boiler feedwater (cents/1000 gal) 

C. Labor and Overhead Costs 

A s  a function of plant capacity 

Cost for P l a n t  Capacity of - 
320 tons/day 640 tons/day 1067 tons/ day 3201 tons/day 

Item 

Labor 

Overhead 

Total  

0.876 

0.52 

1.39 

- 

0.43 

0.26 

0.69 

__ 

O.2ba 

0.16 
0.2bb 

0.16 

0.42 0.42 

D. Costs of Other Mater ia ls  

A s  a function of plant capacity 

P lan t  Capacity 

(tons/  day) c o s t  

320 
640 

1067 

3201 

0.88 

0.77 

0.70 

0.61 

II. Indirect Costs 

A s  a function of plant capacity and cos t  of money 
Indirect c o s t s  a re  computed for a nitr ic ac id  p lan t  sending tail  gases  to an  ammonia synthes is  

plant (provides nitrogen). 
indirect  c o s t s  for a normal-size plant, multiply by 0.923. 

changed appreciably 

Thus  the  plant is increased  i n  s i z e b y  about 8%. T o  obtain the  
T h e  direct  operating c o s t s  a re  not  

Cos t  for P l a n t  Capacity of - Cost  of Money, 

i (%) 320 tons/day 640 tons/day 1067 tons/  day 320 1 tons/  day 

2.5 

5 
10 

20 

1.77 

2.10 

2.87 

4.66 

1.39 

1.66 

2.26 

3.69 

1.17 

1.39 

1.91 

3.10 

0.81 

0.96 

1.31 

2.14 

%ne operator per shift.  

bThree operators per  shift.  
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T a b l e  20. Ammonium Ni t ra te  Production 

Cos t s  in dollars per  ton of ammonium nitrate 

I. Direct  Costs 

A. Raw Mater ia ls  Costs 

Cos t  for ammonia: a 0.22 times cos t  of ammonia (dollars/ton) 
Cos t  for nitr ic a c i d  0.80 t imes cos t  of nitr ic ac id  (10075, dollars/ton) 

B. U t i l i t i e s  Costs 

Power  (35 kwhr/ton): 0.035 t imes c o s t  of power (mills/kwhr) 
Cooling water (12,000 gal/ton): 0.12 t imes cos t  of cooling water (cents/1000 gal) 
Steam (1,250,000 Btu/ton): 0.0125 t imes cos t  of steam (cents/MMBtu) 

C. Labor ond Overhead Costs 

A s  a function of plant capacity 

Cos t  for P l an t  Capacity of - 
400 tons/day 800 tons/day 1334 tons/day 4001 tons/day 

Item 

Laborb 2.71 

Overhead 1.63 

Total 4.34 
- 

2.5Sd 

1.55 

4.13 

2.36e 

1.42 

3.78 
- 

1.95' 

1.17 

3.12 
- 

D. Costs o f  Other Moter ials 

A s  a function of p lan t  capacity 
Includes: bags  (30q each), $6.30; catalyst ,  $0.40 

Plan t  Capacity 

(tons/day) c o s t  

40 0 

800 

1334 

4001 

8.19 

8.13 

8.09 

8.01 

II. Indirect Costs 

A s  a function of plant capacity and cos t  of money 

Cos t  for P l an t  Capacity of - 
400 tons/day 800 tons/day 1334 tons/ day 4001 tons/day 

Cos t  of Money, 

i (%) 

2.5 1.10 0.88 0.74 0.52 

5 1.31 1.04 0.89 0.62 

10 1.79 1.43 1.21 0.85 

20 2.92 2.33 1.98 1.38 

aTotal amount of ammonia needed is 0.452 ton of ammonia per ton of ammonium nitrate. 

bIncludes labor for bagging entire plant output. 

'10 operators per shift. 

d18 operators per shift. 

e28 operators per shift. 
'70 operators per shift. 



48 

Table 21. Urea Production (Bagged) 

Cos t s  i n  dollars per ton of urea 

Assumes electrolytic hydrogen used  in ammonia process;  therefore all  cos t s  a s soc ia t ed  

with capital  investment a re  somewhat higher because  of inclusion of additional 
carbon dioxide purification equipment in the  investment ( s e e  Fig. 4) 

I .  Direct Casts 

A. Raw Materials Costs 

Cost  for ammonia: 0.58 t imes cos t  of ammonia (dollars/ton) 

Cos t  for carbon d i o x i d e a  0.75 t imes cos t  of carbon dioxide (dollars/ton) 
Cos t  for conditioner (0.02 ton a t  $50.00 per  ton): $1.00 

B. Ut i l i t ies  Costs 

Assumes e lec t r ic  compressor drives 

Electricity (129 kwhr/ton): 0.129 t imes cos t  of electricity (mills/kwhr) 

Cooling water (26,600 gal/ton): 0.266 t imes c o s t  of cooling water (cents/1000 gal) 
Steam (2.2 MMBtu/ton): 0.022 t imes cos t  of steam (150 psig,  cents/MMBtu) 

C. Labor and Overhead Costs 

As a function of plant capacity 

Cos t  for P l a n t  Capacity of - 
300 tons/day 600 tons/ day 1000 tons/day 3000 tons/day 

Item 

Labor 3.94b 
Overhead 2.36 

Tota l  6.30 
- 

3.50 

2.10 

5.60 
- 

2.89 
1.73 

2.10e 

1.26 

4.62 3.36 

D. Costs of Other Materials 

As a function of p lan t  capacity 

Includes: bags  (306 each),  $6.30; maintenance 
materials a t  3% of capital  investment 

P lan t  Capacity 
(tons/day) c o s t  

300 
600 

1000 

3000 

8.985 
8.67 

8.50 
8.23 
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Table  21 (continued) 

I I .  tndirect Costs 

As a function of p lan t  capacity and cos t  of money 

Cos t  for P l an t  Capacity of  - Cos t  of Money, 
i (%) 300 tons/day 600 tons/day 1000 tons/day 3000 tons/day 

2.5 

5 

10 

20 

3.49 

4.16 
5.68 

9.24 

2.75 

3.28 

4.47 
7.27 

2.30 

2.74 

3.75 
6.10 

1.58 
1.87 

2.56 
4.17 

?f carbon dioxide is not ava i lab le  a s  a was te  product, it can b e  obtained by calcination of calcium carbonate in 
a kiln. 
for a plant of th i s  capacity is estimated to b e  a s  follows: 

Assume production of 900 tons  of carbon dioxide (14,688,000 SCF) per day. T h e  ins ta l led  capi ta l  investment 

Direct-indirect electrically hea ted  kiln $1,800,000 

Recovery system (assuming 80% feed g a s  concentration) 370,000 

Tota l  $2,170,000 

Operating costs,  i n  cen t s  per thousand standard cubic feet  of carbon dioxide, a re  estimated to h e  a s  follows: 
Raw materials c o s t s  
Ut i l i t i es  (electricity,  147 

280 t imes cos t  of calcium carbonate (cents/lb) 
14.7 t imes cos t  of electricity (mills/kwhr) 

k whr/M SCF) 

Other c o s t s  36 
Indirect c o s t s  for cos t  of 

money, i, of: 
2.5% 3.66 

5% 4.36 

10% 5.96 
20% 9.66 

b9 operators per shift,  not including men for bagging operation (0.69 man-hour per  ton). 

‘16 operators per shift,  not including men for bagging operation (0.69 man-hour per  ton). 
d22 operators per  shift,  not including men for bagging operation (0.69 man-hour per  ton). 

e48 operators per shift,  not including men for bagging operation (0.69 man-hour per ton). 



Table  22. Ni t r ic  Phosphate Production (Odda Process)  

Cos t s  in  dollars per  ton of nitr ic phosphate fertilizer analyzing 27-14-0. 
Actual production is 60% nitric phosphate (23-23-0) and 40% ammonium nitrate 
(33.5-0-0); the fert i l izer with ana lys i s  27-14-0 is a composite of t hese  two 
ferti l izers 

I. Direct  Costs 

A. Raw Mater ials Costs 

Cost  for phosphate  r o c k  * 0.45 times cos t  of phosphate rock (dollars/ton) 
Cost  for nitric a c i d  0.55 times cos t  of nitr ic ac id  (loo%, dollars/ton) 

Cos t  for ammonia: 0.19 times cos t  of ammonia (dollars/ton) 

Cost  for carbon dioxide: 0.021 times cos t  of carbon dioxide (cents/MSCF) 

B. U t i l i t i e s  Casts 

Electricity (14 kwhr/ton): 0.014 t i m e s  cos t  of electricity (mills/kwhr) 

Cooling water (2000 gal/ton): 0.02 t imes cos t  of cooling water (cents /1000 gal) 
Steam (2.14 MMBtu/ton): 0.0214 times cos t  of steam (cents/MMBtu) 

C. Labor and Overhead Costs 

A s  a function of plant capacity 

Cos t  for P l an t  Capacity of - 
450 tons/day 900 tons/day 1500 tons/day 4501 tons/day 

Item 

Laborb  7.68 
Overhead 4.61 

Tota l  12.29 
- 

5.40 
3.24 

8.64 
.- 

4.32 

2.59 

6.91 
- 

2.52 
1.51 

4.03 
- 

D. Costs of Other Mater ials 

As a function of plant capacity 
Includes: p las t ic  bags  (30q each), $6.30; maintenance 

materials a t  4% of capital  investment 

P lan t  Capacity 
(tons/day) c o s t  

450 
900 

1500 

4501 

~~ 

8.74 
8.59 

8.49 
8.33 
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Table  22 (continued) 

II. Indirect Costs 

As a function of plant capacity and cos t  of money 

Cost for P l an t  Capacity of - Cost  of Money, 

i (70) 450 tons/day 900 tons/day 1500 tons/day 4501 tons/day 

2.5 

5 

10 

20 

1.70 

2.03 

2.77 

4.50 

1.39 

1.65 

2.25 

3.66 

1.19 

1.42 

1.94 

3.14 

0.86 

1.02 

1.40 

2.27 

*Assumed analysis: 33% P20,. 
bBreakdown of labor requirements a s  a function of plant capacity: 

Man-Hours per Ton for P l a n t  Capacity of - 
450 tons/day 900 tons/day 1500 tons/day 4501 tons/day 

Item 

Operating and 0.77 0.46 0.27 0.11 

supervision 
Storage, shipping, 0.88 0.71 0.7 1 0.45 

and bagging 
Maintenance labor 

Tota l  

0.27 

1.92 
- 0.18 0.10 0.07 

1.35 1.08 0.63 
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T a b l e  23. 

Cos t s  in dollars per ton of equivalent P 0 

Elemental Phosphorus Production by the Electr ic  Furnace Process  

(2.29 tons  of P 0 is equivalent 
2 5  2 5  

to 1.0 ton of elemental phosphorus) 

I. Direct  Costs 

A. Raw Mater ials Costsa  

Cost  for phosphate rock: 
Cos t  for matrix: 

Cos t  for coke:d 0.60 t imes cos t  of coke (dollars/ton)e 

Cost for electrodes: 

3.72 t imes c o s t  of phosphate rock (do l l a rd ton )  
1.10 t imes cos t  of matrix (dollars/ton)' 

13 t imes cos t  of e lec t rodes  (dollars/lb)f  

B. U t i l i t i e s  Costs 

5.24 t imes c o s t  of electricity (mills/kwhr) Electricity (5240 kwhr/ton): 
Steam (1.9 MMBtu/ton): 0.019 t imes c o s t  of steam (cents/MMBtu) 

Cooling water (1;,000 gal/ton): 0.11 t imes c o s t  of cooling water (cents/1000 gal) 

C. Labor and Overhead Costs 

A s  a function of plant capacity 

h Cos t  for P l an t  Capacity of - 
Item 

300 tons/day 600 tons/ day 1500 tons/day 3435 tons/ day 

Operating labor 8.00' 4.00' 1.96' 1.03k 

Maintenance labor 3.84 1.92 1.38 1.12 

1.29 Overhead 7.10 3.55 2.00 

Total  18.94 9.47 5.34 3.44 
- - - - 

D. Costs of Other Mater ia ls  

A s  a function of plant capacity and system of feed preparation 

c o s t  
P l an t  Capacityh 

(tons/day) Pe l l e t i zed  F e e d  Nodulized F e e d  

Preparation System Preparation System 

300 7.15 6.21 
600 5.29 4.6 1 

1500 4.65 3.89 

3435 4.30 3.48 

II. Indirect Costs 

As a function of plant capacity, cos t  of money, and system of feed preparation 

Cos t  for P l a n t  Capacityh of - Feed  
preparation Cos t  of  Money, 

i (70) 300 tons/day 600 tons/day 1500 tons/day 3435 tons/day System 

P ell e t ized 2.5 

5 
10 
20 

11.58 

13.81 
18.85 

30.66 

9.68 
11.94 

16.29 
26.50 

8.41 
10.03 

13.68 

22.26 

7.02 
8.37 

11.42 
18.59 

7.38 
8.80 

12.01 

19.53 

5.84 
6.96 
9.50 

15.46 

6.79 
8.10 

11.05 
17.98 

5.12 
6.11 
8.33 

13.56 

Nodulized 2.5 
5 

10 

20 
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Table  23 (continued) 

I l l .  By-product Credits 

Credit for ferrophosphorus: 

Credit for slag: 

yield of ferrophosphorus' times $40.00m 

3 to 4 t imes $ 1 . 0 0 ~  

aThe ana lyses  assumed for the  numbers given in  the  raw materials c o s t s  section a re  a s  follows: 

Cons  ti tuen t 
Percent,  Dry B a s i s  

Rock Matrix 

p,o, 
CaO 

Z0 3 

S i 0  
F 

31.1 
46.5 

1.0 
1.7 

9.5 
3.7 

1.0 
99.0 

. 

bThe amount of phosphate rock required is a function of the  ana lyses  of the rock and the  matrix. T h e  presence  of 
iron in the furnace burden l eads  to l o s s e s  of phosphorus a s  ferrophosphorus, and the  amount of t hese  l o s s e s  can b e  
calculated a s  follows: 

x R  + MxM 

100 
L = 0.6864 

where L is the equivalent weight of P20, los t  a s  ferrophosphorus per ton of phosphate rock feed, M is the weight of 

matrix needed per ton of rock to give an SiO,/CaO ratio of 0.83 in  the furnace burden, x 

in the  rock, and xM is the  percentage of Fe 0 

is the percentage of Fe,03 
R 

in the matrix. 
2 3  

The  total weight Wof P,O, that  must be  charged to the  furnace to yield 1 ton of phosphorus ( a s  P 2 0 5 )  is 

W =  1.144 + L ;  
that  is, other l o s s e s  amount to 14.4%. 

Watrix cos t  of $1.00 per ton used  in study. 

dThe amount of coke  needed to reduce the furnace charge is 103% of the  theoretical amount required to reduce all  

See  Nuclear  Energy Centers: Industrial  and  Agro-Zndustrial Com- 
plexes,  ORNL-4290 (November 1968). 

the  phosphorus and iron according to the reactions: 

2 P z 0 ,  + 1oc + P 4  + loco, 
Fe203 + 3 C  + 2 F e  + 3CO , 

assuming 89% available carbon in the  coke. 
eCoke cos t  of $17.00 per ton used  in study. See  ORNL-4290. 
fElectrode cos t  of $0.14 per pound used  in study. See ORNL-4290. 
g1087 kwhr used  per ton of rock p lus  matrix charged to the furnace. 
hPlant capacity in  tons of P z O ,  per day. Corresponding capac i t ies  in tons of P per day are  a s  follows: 4 

pzo, pq 
300 131 
600 262 

1500 656 
3435 1500 

Number of operating personnel per shift: 26. i 

'Number of operating personnel per  shift: 32. 
kNumber of operating personnel per  shift: 47. 

'The yield of ferrophosphorus in  tons per ton of phosphorus product ( a s  P 2 0 5 )  is 1.4556WL ( s e e  footnote b). 

Typical price per ton. rn 
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Table  24. Conversion o f  Elemental Phosphorus to Phosphoric Acid 

Total of direct  and  indirect  c o s t s  in dollars per  ton of P20, 
As a function of power cost, plant capacity, and  cos t  of money 

Cos t  for Power  Cos t  of - Cost  of Money, P l an t  Capacity 
i (Yo) (tons/day)a 1 mill/kwhr 2 mills/kwhr 4 mills/kwhr 8 mills/kwhr 

2.5 300 

600 

1500 

3435 

6.14 

5.34 

4.71 

4.17 

6.18 

5.38 

4.75 

4.21 

6.26 

5.46 

4.83 

4.29 

6.42 

5.62 

4.99 

4.45 

5 300 

600 

1500 

3435 

6.37 

5.52 

4.84 

4.28 

6.41 

5.57 

4.89 

4.32 

6.49 

5.65 

4.97 

4.40 

6.66 

5.81 

5.13 

4.56 

10 300 

600 

1500 

3435 

6.94 

5.99 

5.21 

4.60 

6.98 

6.03 

5.25 

4.65 

7.06 

6.11 

5.33 

4.73 

7.23 

6.28 

5.49 

4.89 

20 300 

600 

1500 

3435 

8.42 

7.24 

6.20 

5.47 

8.46 

7.28 

6.24 

5.51 

8.54 

7.36 

6.33 

5.59 

8.71 

7.53 

6.49 

5.76 

eTons of P 0 per day. 
2 5  
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Table 25. Phosphoric Acid Production by the Wet Acid Process 

Costs in  dollars per ton of P20, 

I. Direct Costs 

A. Row Materials Costs 

Cost for phosphate rock:a 3.57 times cost of phosphate rock (dollars/ton) 
Cost for sulfuric acid: 2.96 times cost of acid (98%, dollars/ton)c 

B. Ut i l i t ies C o s t s  

Electricity (300 kwhr/ton): 0.30 times cost of power (mills/kwhr) 
Cooling water (22,000 gal/ton): 0.22 times cost of cooling water (cents/1000 gal) 
Boiler feedwater (1000 gal/ton): 0.010 times cost of boiler feedwater (cents/1000 gal) 

C. Labor ond Overhead Costs 

A s  a function of plant capacity 

Cost for Plant Capacity of - 
300 tons/day 600 tons/day 1500 tons/day 3435 tons/day 

Item 

Labor 
Overhead 

Tot a1 

10.9Od 6.67d 
6.54 

17.44 

4.00 

10.67 
__ 

4.03e 
2.42 

6.45 
- 

2.65' 
1.59 

4.24 
- 

D. Casts  of Other Materials 

As a function of plant capacity 

Plant Capacity 
(tons/day) c o s t  

300 
600 

1500 
3435 

3.83 
3.03 
2.23 
1.68 

II. Indirect Casts 

A s  a function of plant capacity and cost of money 

Cost for Plant Capacity of - Cost of Money, 
1500 tons/day 3435 tons/day i (%) 300 tons/day 600 tons/day 

2.5 
5 

10 
20 

2.81 
3.35 
4.58 
7.44 

2.23 
2.66 
3.36 
5.89 

1.64 
1.95 
2.66 
4.33 

1.23 
1.48 
2.01 
3.27 

aAssumes that the rock analyzes 31.1% P 0 
bThe amount of sulfuric acid is computed a s  follows: 

and that recovery is 90%. 
2 5  

R '  

where A is the number of tons of 98% HzSO 
quired per ton of Pz05, and xR is the percentage of CaO in the rock. 

from 250 to 1000 tons: 

A = 1.772Rx 

required per ton of P205, R is the number of tons of phosphate rock r e  

'A good approximation to the manufacturing cost of sulfuric acid is the following, valid for plants in  the range 

CA = 0.333Ps + 2.50 * 0.75 , 

A 
vhrre  C is the manufacturing cost of sulfuric acid (100% dollars/ton) and Ps is the cost of sulfur (dollars/ton). 

d25 operators per shift. 
e27 operators per shift. 
'31 operators per shift. 



T a b l e  26. Alumina Production from Bauxite 

Costs  in  dollars per  ton of A1 0 
2 3  

I. Direct  Costs 

A. Raw Mater ials Casts  

Cost  for bauxite: 
Cos t  for caus t ic  soda: 0.071 t i m e s  cos t  of caus t ic  soda (dollars/ton)b 

Cos t  for lime: 0.03 times cost  of lime (dollars/ton)' 

2.20E t i m e s  cos t  of bauxite (do l l a rd ton )  

B. U t i l i t i e s  Costs 

Electricity (200 kwhr/ton): 0.20 times cos t  of electricity (mills/kwhr) 

Steam (6.0 MMBtu/ton): 0.060 times cos t  of steam (cents/MMBtu) 

P r o c e s s  water (850 gal/ton): 0.0085 times cos t  of process  water (cents /1000 gal) 
Fue l  (10 MMBtu/ton): 0.10 t imes cos t  of fuel (cents/MMBtu)d 

C. Labor and Overhead Costs 

As a function of plant capacity 

Item 
Cos t  for P l a n t  Capacity of - 

100,000 tons/ year 200,000 tons/year 500,000 tons/year 

Labor 
Overhead 

Total  

2.72e 
1.63 

4.35 
__ 

2.33' 

1.40 

1.86' 

1.12 

3.73 2.98 

D. Costs of Other Mater ials 

As a function of plant capacity 

P lan t  Capacity 

(tons/  year) c o s t  

100,000 4.10 

200,000 3.74 
500,000 3.32 

II. Indirect Costs 

As a function of plant capacity and cos t  of money 

Cos t  for P l an t  Capacity of - Cost  of Money, 

i (70) 100,000 tons/year 200,000 ton s /year  500,000 tons/year 

2.5 
5 

10 

20 

13.73 
16.38 

22.35 
36.36 

12.27 

14.64 
19.97 

32.50 

10.57 

12.62 

17.22 
28.01 

aThe amount of bauxite required is a function of reactive s i l i ca  and alumina content. 

2 3  
bCaustic soda cos t  of $35.00 per ton used  in  the energy center study. See  ORNL-4290. 

'Lime cos t  of $20.00 per  ton used  in the energy center study. See ORNL-4290. 
dFuel cos t  of 50$/MMBtu used i n  the energy center study. 
e7 operators per shift. 

'12 operators per shift. 
'24 operators per  shift. 

Th i s  value assumes  a 
bauxite containing about 50% A1 0 and 1% reactive si l ica.  

See ORNL-4290. 
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T a b l e  27. Molten Aluminum Production from Alumina 

Cos t s  in dollars per  ton of molten aluminum 

I. Direct  Costs 

A. Raw Mater ials Casts 

Cost for alumina: 
Cos t  for electrolyte: $ 1 0 . 2 0 ~  
Cos t  for electrode and pot materials: 

1.93 t imes cos t  of alumina (dollars/ton) 

$31.52b 

B. U t i l i t i e s  Casts  

1. Soderberg Anodes (< 150 tons/day) 

Electricity (13,800 kwhr/ton): 

Steam (1.61 MMBtu/ton): 0.0161 times cos t  of steam (cents/MMBtu) 

13.8 times cos t  of electricity (mills/kwhr) 

2. Prebaked Anodes (> 150 tons/day) 

Electricity (13,000 kwhr/ton): 
Steam (1.61 MMBtu/ton): 0.0161 times cos t  of steam (cents/MMBtu) 

Fue l  (1.95 MMBtu/ton): 

13.0 t imes cos t  of electricity (mills/kwhr) 

0.0195 times c o s t  of fuel (cents/MMBtu)' 

C. Labor and Overhead Costs 

As a function of plant capacity 

Item 
Cost for P l a n t  Capacityd of - 

137 tons/day 274 tons/ day 685 tons/day 

Labor 
Overhead 

Tot  a1 

42.44 e 

25.47 

36.13' 
21.68 

28.68' 
17.21 

67.91 57.81 45.89 

D. Costs of Other Mater ials 

As a function of plant capacity 
Cons i s t s  mainly of maintenance materials for pot relining 

Plan t  Capacityd 

(tons/day) c o s t  

137 

274 
685 

14.60 
12.8 1 

10.77 

II. Indirect Casts 

For  a plant l ife of 15 years  
As a function of plant capacity and cos t  of money 

- 

Cost  for P l an t  Capacityd of  - 
274 ton s /day  

Cost of Money, 

i (a) 1 37 tons/ d ay 685 tons/ day 

2.5 58.96 51.85 43.53 

5 70.33 61.84 51.92 

10 95.97 84.39 70.85 

20 156.13 137.29 115.26 
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Table  27 (continued) 

*Breakdown of electrolyte composition and cos t  (pr ices  are those used  in  ORNL-4290): 

Cons ti tuent P r i c e  Tons  per Ton of Aluminum 

Soderberg Anodes Prebaked Anodes (dollars/  ton) 

Aluminum fluoride 0.04 0.031 2 30 

Cryolite 0.023 0.013 220 

Fluorspar 0.0006 0.0005 35 
Soda ash  0.001 0.0009 40 

bElectrode and pot materials include the following (pr ices  a re  those  used  in  ORNL-4290): 

Item P r i c e  Tons  per  Ton of Aluminum 

Soderberg Anodes Prebaked Anodes (dollars/  ton) 

Calcined petroleum coke 

Coal tar pitch 
Calcined anthracite coal 

Prebaked cathode blocks 

0.37 
0.18 

0.008 

0.013 

0.41 

0.12 
0.004 

0.014 

‘Fuel cos t  of 50q/MMBtu used  in  ORNL-4290. 
dCorresponding capac i t ies  in  tons per year are a s  follows: 

Tons  per Day T o n s  per  Year 

137 50,000 
274 100,000 

68 5 250.000 

40 
81 

7 
7 

e60 operators per  shift. 

f103 operators per shift.  

g205 operators per shift.  
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Table 28. Fobricotion of A l u m i n u m  into Sheet, Plate, and Redraw Rod 

Costs in dollars per ton of fabricated aluminum 
70% of the production is sheet and plate, and the remainder is  rod 

I. Direct Costs 

A. Raw Materials Costs 

Cost for aluminum: 1.015 times cost of aluminum (dollars/ton) 

B. Utilities Costs 

Electricity (1200 kwhr/ton): 
Water (12,000 gal/ton): 0.12 times cost of water ($/lo00 gal) 
Fuel oil (70 gal/ton): 0.70 times cost of fuel oil ($/gal)8 
Natural gas (10 MMBtu/ton): 0.10 times cost of natural gas ($/MMBtu)b 

1.2 times cost of electricity (mills/kwhr) 

C. Labor and Overhead Costs 

As a function of plant capacity 

Item 
Cost for Plant Capacity' of - 

137 tons/day 274 tons/day 685 tons/day 

Labord 67.27e 55.01' 42.60' 
Overhead 40.36 33.00 - 25.56 

Total 107.63 88.01 68.16 

D. Casts of Other Materials 

As a function of plant capacity 

Plant Capacity 
(tons/day) c o s t  

137 
274 
68 5 

26.37 
18.17 
14.50 

II. Indirect Costs 

A s  a function of plant capacity and cost of money 

Cost for Plant Capacity' of - 
137 tons/day 274 tons/day 685 tons/day 

Cost of Money, 
i (so) 

2.5 
5 

10 
20 

64.94 
77.46 

105.70 
171.96 

44.75 
53.37 
72.83 

118.49 

35.72 
42.60 
58.14 
94.58 

'Suggested price, 7$/gal. 
bSuggested price, 30$/MMBtu. 
'Corresponding capacities in tons per year are a s  follows: 

Tons per Day Tons per Year 

137 50,000 
274 100,000 
68 5 250,000 

d25% are maintenance personnel. 
eNumber of operating personnel per shift: 96. 
'Number of operating personnel per shift: 157. 
%umber of operating personnel per shift: 304. 
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Toble  29. Salt Production from Seawater by Solor Evaporation 

Cos t s  in dollars per  ton of s a l t  
Salt production in  tons per acre  per year  varies quite widely depending on the  type of soil ,  the 

age  of the  pond, and whether soil preconditioning h a s  been  performed. T h e  concentration 
ratio of  the seawater a l so  affects the  production ra te  for a given area  of land. Preconditioning 

of the so i l  with a 2% concrete mixture probably obvia tes  any beneficial  e f fec ts  of pond aging; 
however, i t  is expensive. An approximate relationship giving production ra te  a s  a function of 

seawater concentration ratio and time of pond aging is given in the  headnote to T a b l e  1 

I. D i rec t  Costs 

A. Row Mater ials Costs 

Ordinarily there would b e  no cos t  for raw materials; however, i f  the  feed to 
the  plant was  concentrated seawater rejected by a desalt ing evaporator, 
a small  charge might be  necessary 

6. U t i l i t i e s  Costs 

Electricity (17 kwhr/ton): 0.017 times cos t  of electricity (mills/kwhr) 

C. Labor and Overheod Costs 

Labor: s ince  labor cos t  for a solar evaporation facility is very dependent 
on loca l  labor rates,  only a manpower requirement is l i s teds  

Overhead  60% of labor cos t  

D. Costs o f  Other Mater ia ls  

As a function of plant capacity 

P lan t  Capacityb 

(tons/  day) c o s t  

3,000 

9,000 

15,000 

0.73 

0.35 

0.25 

11. Indirect Costs' 

As a function of plant capacity and cos t  of money 

b Cos t  for P l an t  Capacity of - Cost  of Money, 

i (%) 3000 tons/day 9000 tons/  day 15,000 ton s /day  

2.5 0.42 0.19 0.16 

5 0.58 0.28 0.23 

10 0.94 0.46 0.39 

20 1.73 0.86 0.74 

%anpower requirement a s  a function of plant capacity: 

P l an t  Capacity Number of Operating 
Man-Hours per Ton (tons/day) Personnel  

3,000 100 0.19 

9,000 2 20 0.14 

15,000 300 0.12 
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Table 29 (continued) 

bCorresponding capac i t ies  in tons  per year a re  a s  follows: 

Tons per Day Tons  per  Year 

3,000 1,000,000 

9,000 3,000,000 
15,000 5,000,000 

'The indirect c o s t s  a r e  computed assuming that 20% of the  capital  investment (excluding land  cost) is comprised 
of machinery with a 10-year investment l i f e  and that the  remaining 80% cons i s t s  of land improvements with a 40-year 
life. The  respective capital  recovery factors based  on these assumptions are: 

Cos t  of  Money, i (%) Capital  Recovery Fac tor  

2.5 0.05428 
5 0.07247 

10 0.1140 

20 0.2078 

T h e  cos t  of land assumed for the indirect  c o s t s  shown above is $50.00 per acre. T h e  assumed seawater  concentra- 
tion factor is 1.0, and the  assumed age of  the pond is three years; according to the  formula in  the  headnote to Tab le  
1, the production ra te  corresponding to these values is 

(3.68 x 3 + 15.78) = 42.5 tons  per acre  per y e a r .  p =  .0.46 X 1 

The  capital  investment for the 3,000,000-ton/year plant can  then be  computed from the formula given i n  Tab le  1: 

C =  3 x 50/42.5 + 7.15 x 3° '32  = $13.69 million . 
The capital  recovery factor is only applied to the depreciating portion of the investment, namely 7.15 x 3 0 a 3 *  = 
$10.16 million, with the straight c o s t  of money applied to the  land cos t  (no depreciation). 

ponds and no soil  conditioning, that  is, idea l  land for a s a l t  recovery operation. 
The  depreciating investment shown here and in  the table assumes  minimum earth-moving operations to create the 
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T a b l e  30. Production of Chlorine by Brine Electrolysis in Diaphragm C e l l s  

Cos t s  i n  dollars per ton of chlorine 

These  c o s t s  a re  for a plant without a caus t i c  soda concentrator 

I. Direct  Costs 

A. Raw Mater ials Costs 

Cost  for salt: 3.65 t imes cos t  of s a l t  (dollars/ton)a 

B. U t i l i t i e s  Costs 

Electricity (3200 kwhr/ton): 

Cooling water (15,000 gal/ton): 
Steam (1 MMBtu/ton): 0.01 t imes cos t  of steam (q/MMBtu) 

3.2 t imes cos t  of electricity (mills/kwhr) 

0.15 t imes c o s t  of water (q/lOOO gal) 

C. Labor and Overhead Costs 

As a function of plant capacity 

Item 
Cos t  for P l an t  Capacity of - 

300 tons/day 500 tons/day 1000 tons/ day 2000 tons/day 

Labor 2.64b 2.16 ' 1.66d 1.37e 
Overhead 1.58 1.30 0.99 0.82 

Total  4.22 3.46 2.65 2.19 
- - __. - 

D. Costs of  Other Mater iols 

As a function of plant capacity 
Cons is t s  of: cell renewal materials, $3.40; operating materials and chemicals,  

$1.00; maintenance materials a t  2.2% of capi ta l  investment 

P lan t  Capacity 
(tons/day) c o s t  

300 

500 
1000 
2000 

5.84 
5.72 

5.57 
5.44 

II. Indirect Costs 

A s  a function of plant capacity and cos t  of money 

Cost for P l a n t  Capacity of - Cost  of Money, 

200 0 tons/ d ay i (%) 300 tons/day 500 tons/day 1000 tons/day 

2.5 

5 
10 

20 

5.28 
6.30 

8.60 

13.98 

4.84 

5.78 

7.89 

12.82 

4.30 
5.14 
7.01 

11.41 

3.84 
4.57 

6.23 
10.15 

aThe high s a l t  requirement is due to the  absence  of any s a l t  recycle from a caus t ic  concentrator. 

%umber of operating personnel per shift: 7. 

'Number of operating personnel per shift: 9. 
dNumber of operating personnel per shift: 13. 

eNumber of operating personnel per shift: 20. 
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Toble  31. Production o f  Chlorine ond Caust ic Soda by Brine Electrolysis in  Diophrogrn C e l l s  

Cos t s  in dollars per co-ton (1.0 ton of C1 
T h e s e  c o s t s  include evaporator fac i l i t i es  for caus t ic  soda production 

I. Direct  Costs 

A. Row Mater ials Costs 

and 1.13 tons  of NaOH) 
2 

Cos t  for salt: 1.85 t imes cos t  of s a l t  (dollars/ton) 

B. U t i l i t i e s  Costs 

3.25 t imes cos t  of electricity (mills/kwhr) Electricity (3250 kwhr/ton): 

Cooling water (25,000 gal/ton): G.25 t imes cos t  of cooling water ($/1000 gal) 
Steam (4.25 MMBtu/ton): 0.0425 times cos t  of steam (q/MMBtu) 

C. Labor and Overheod Costs 

A s  a function of plant capacity 

Cos t  for P l an t  Capacity of - 
Item 

300 tons/ day 500 tons/day 1000 tons/day 2000 tons/day 

Labor 
Overhead 

Total  

3.28a 
1.97 

2.54b 
1.52 

1.85 
1.11 

1.56d 
0.94 

5.25 4.06 2.96 2.50 

D. Costs o f  Other Moter ials 

A s  a function of plant capacity 

Cons i s t s  of: cell renewal materials, $3.40; operating materials and chemicals,  
$1.00; maintenance materials a t  2.2% of capi ta l  investment 

P lan t  Capacity 

(tons/day) c o s t  

300 
500 

1000 

2000 

6.27 

6.12 
5.91 
5.72 

II. Indirect Costs 

A s  a function of plant capacity and cos t  of money 

Cos t  for P l an t  Capacity of - 
300 tons/day 500 tons/day 1000 tons/ day 2000 tons/day 

Cost of Money, 

i (70) 

2.5 7.07 6.43 5.66 4.98 

5 8.43 7.67 6.75 5.94 

10 11.50 10.46 9.21 8.10 
20 18.71 17.02 14.98 13.18 

BNumber of operating personnel per shift: 9. 
%umber of operating personnel per shift: 11. 
‘Number of operating personnel per shift: 15. 
dNumber of operating personnel per shift: 24. 
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4. EXAMPLES 

T h e  following a r e  seven  worked examples  i l lustrat ing u s e  of t h e  tabular  d a t a  of t h i s  report. T h e  ex- 

amples  were picked to i l lus t ra te  s e v e r a l  industr ia l  p r o c e s s e s ,  t h e  technique  u s e d  to build up  a n  indus-  

t r ia l  complex, and t h e  procedure for convert ing United S t a t e s  costs t o  a non-United S ta tes  locat ion.  

Example 1. Compare t h e  c o s t  of manufacturing ammonia a t  a capac i ty  of 1000 tons/day by u s i n g  electro-  

l y t i c  hydrogen from All is-Chalmers  cells operated at 800 amp/f t2  i n  a n  a r e a  where power costs 2 

mills/kwhr with ammonia from steam-naphtha reforming i n  a n  a r e a  where power is 4 mills/kwhr and  

naphtha costs $22.00 per ton. Assume a 10% cost of money. 

Cost  Component 
Electrolytic Ammonia 

(Table  15) 

Reformer Ammoni a 

(Tab le  18) 

Raw materials 

Uti l i t ies  

Labor  and overhead 

Other mater ia ls  

$ 2.00e 

17.07 

1.20 

1.83 

$17.60 

3.64 

1.20 

2.14 

Total  direct cos ts  

Indirect cos ts  

$22.10 

9.46 

$24.58 

Total, S 

Interest  on working capital '  

$31.56 

0.56 

$31.59 

Manufacturing cost '  $32.12 $32.15 

0.56 

7.01 - 

Witrogen, Table  14. 

bInterest on working capital = S/[(365E/604 - 11; E = 0.95. 

'Indirects include allowance for battery l imits  plant only; for total manufacturing cost ,  the  indirect  c o s t s  as-  
sociated with the off-site faci l i t ies  must be added. 
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Example 2. Compare the  manufacturing c o s t  of phosphoric ac id  by t h e  e l e c t r i c  furnace and wet  a c i d  

p r o c e s s e s  in a n  a rea  where t h e  power c o s t  is 4 mills/kwhr and t h e  c o s t s  of sulfur  and phosphate  rock 

a r e  $40.00 and $9.60 per ton respect ively.  Assume that  the  c o s t  of money, i, is lo%, tha t  both p lan ts  

produce 1500 tons of P205 equivalent  per  day,  and that  the  e lementa l  phosphorus plant  h a s  a pel le t -  

i z i n g  feed preparation system. 

~ 

Cost  (dollars pe r  ton of P 2 0 5 )  

Cos t  Component Elec t r ic  Furnace P r o c e s s  

(Tables  23 and 24) 

Wet Acid P r o c e s s  

(Table  25) 

Raw material 

Phosphate  rock 

Silica matrix 

Coke 

Electrodes 

Sulfuric ac id  

35.71 

1.10 

10.20 

1.82 

~ 

34.27 

46.83 - 
81.10 Tota l  48.83 

Utili t ies 
Electricity 

Steam 

Cooling water 

Boiler feedwater 

20.96 

0.57 

0.22 

1.20 

0.44 

0.50 
- 

2.14 Tota l  21.75 

Labor and overhead 

Other materials 

6.45 

2.23 

5.34 

4.65 

91.92 Tota l  direct  cos t s  80.57 

Indirect c o s t s  2.66 
- 12.01 

92.58 

87.05 

94.58 Total 

By-product credit  5.53e 

Manufacturing c o s t  of P 

Conversion to H P O  

Interest on working capi ta l  

4 

3 4  
6.11 

1.68 1.70 
- - 

96.28 94.84 Total manufacturing cos t  

%ased on a yield of 3 tons of s l a g  per ton of P205 and ferrophosphorus credit  assuming use  of phosphate rock 
with the ana lys i s  shown in footnote a of Tab le  23. 
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Example 3. Compare the  manufacturing c o s t s  of fabr ica ted  aluminum from plan ts  A and B, both of which 

produce 685 tons/day; p lan t  A is located in  an area where bauxite c o s t s  $8.00 per  ton and  power 

costs 4 mills/kwhr,  while p lan t  B u s e s  imported alumina at $77.00 per ton and  power costs 2 mi l l s /  

kwhr. Cos t  of money for both p lan ts  is 10%. 

Cost  (dollars per  ton of aluminum) 

Cos t  Component P lan t  A P lan t  B 

(Tables  26, 27, 28) (Tab les  27, 28) 

Raw material 82.85 193.18 

Utili ties 85.78 39.36 

Labor and overhead 120.58 114.74 

Cost  of other materials 

Tota l  direct c o s t s  

Indirect cos t s  

Total ,  S 

321.14 

31.93 25.43 

163.78 

484.92 

- Interest  on working capi ta la  

Manufacturing c o s t b  493.02 

8.10 - 

372.71 

130.05 

502.76 

8.40 

511.16d 

%iterest  on working capital  = S/[(365E/60i) - 11; E = 1.00. 
bFabricated shapes  are: shee t  and p la te  - 72% of total production; redraw rod - 28% of total  production (foot- 

note g of Table  1). Manufacturing cos t  includes indirect  c o s t s  assoc ia ted  with battery l imits p lan ts  only; indirects 
assoc ia ted  with off-sites must  b e  added to obtain total manufacturing cost. 

b a n u f a c t u r i n g  cos t  $51.97 per  ton of A1203 (from Table  27) and $322.99 per ton of molten aluminum (from Table  
27). 

c 

dManufacturing cos t  of molten aluminum is $345.06 (from Table  27). 
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* 

Example 4. In plant  A urea is produced from ammonia made from e lec t ro ly t ic  hydrogen in  All is-Chalmers  

cells operated a t  700 amp/f t2  u s i n g  power a t  2.5 mills/kwhr. In plant  B urea is made from ammonia 

us ing  hydrogen from steam-naphtha reforming us ing  naphtha c o s t i n g  $25.00 per  ton and power a t  4.5 

mills/kwhr. Both p lan ts  produce 1000 tons/day of urea and  opera te  at  10% c o s t  of money. Compare 

t h e  production c o s t s  of bagged urea from plants  A and B. 

Cos t  (dollars per ton of ammonia) 

Cost Component Elec t ro lys i s  

(Table  15) 
Naphtha Reforming 

(Table  18) 

Raw materials 

Util i t ies 

Labor and overhead 

Cos t  of other materials 

Tota l  direct  c o s t s  

Indirect cos t s  

Manufacturing cos t  

Raw materials 
Ammonia 

Carbon dioxide 

Step 1: Determine the cost o f  ammonia by the two routes 

2.09 

25.24e 

1.20 

1.90 
- 

30.43 

9.85 

- 

27.31 

40.28 34.32 

Step 2: Determine the manufacturing cost of  urea ( T a b l e  21) 

23.36 

9.02 

Conditioner 1.00 

Util i t ies 1.27 

Labor and overhead 

Other materials 

4.62 

8.50 

20.00 

3.97 

1.20 

Total  direct cos t s  47.77 34.87 

Indirect cos t s  

Total, S 

Interest  on working capital '  

51.52 

2.14 
__ 

7.01 

19.90 

3.75 

38.62 

1.00 

0.85 

4.62 

8.50 
- 

3.75 

0.91 - 0.72 - 

Manufacturing cos t  52.43 39.43 

aLinear interpolation in Tab le  15. 

bAssuming kiln size shown in  footnote a of Table  21; CaCO 

%terest  on working capital  = S/[(365E/60i) - 13; E = 0.95 for e lec t ro lys i s  and E = 0.90 for reforming. 

cos t  is $2.00/ton; total cos t  of CO 
3 2 

is 73.7q/MSCF; 

in c a s e s  where by-product CO is available,  this can b e  omitted. 
2 
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Example 5. Determine the  manufacturing c o s t  of chlorine and  c a u s t i c  s o d a  by brine e lec t ro lys i s  u s ing  

power at 3 mills/kwhr and salt at $2.00 per ton. Assume a 1200-ton/day plant  (Cl,) and 10% cost of 

money. 

c o s t  
(Table  31, dollars per ton of chlorine) Cost Component 

Raw materials 3.70 

Uti l i t ies  
Electricity 9.75 

Cooling water 0.50 

Steam 0.96 

Labor and overhead 

Other materials 

2.89 

5.90 

Total  direct cos ts  

Indirect c o s t s  

23.70 

8.97 

Total, S 32.67 

Interest  on working capi ta la  0.58 

33.25 b Manufacturing cos t  

Tn te re s t  on working capi ta l  = S/[(365E/60i) - 11; E = 0.95. 
bThis  is the manufacturing c o s t  per co-ton, 1 ton of chlorine plus 1.13 tons of caus t ic  soda. 
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Example 6. Determine the  total  annual  manufacturing c o s t s  for a n  industr ia l  complex loca ted  in  the  

United S t a t e s  which produces 655 tons/day of  e lemental  phosphorus (P,) (equivalent  t o  1500 tons/day 

of P Z O J  and  685 tons/day of fabr icated aluminum. Compare t h e  to ta l  manufacturing c o s t s  for the  

complex with t h e  total  income from sales assuming that  t h e  cost of  money is 10% u s i n g  t h e  d a t a  of 

examples  2 and 3 (plant A). Assume tha t  power c o s t s  4 mills/kwhr. 

Cost Component 
El em en tal  P h o  sphoru s 

(dollars per ton of P 2 5  0 ) 

Fabr ica ted  Aluminum 

(dollars per ton of aluminum) 

Raw material 

Util i t ies 

Labor and overhead 

Other materials 

Tota l  direct  c o s t s  

Capital investment (millions 
of dollars) (battery l imits 

plants) 

Off-site investment (millions 

of dollars)8 

80.57 

48.83 

21.75 

5.34 

4.65 

321.14 

82.85 

85.78 

120.58 

31.93 

46.5 

4.4 

310.2 

29.0 

Total  investment 50.9 339.2 

Indirect  c o s t s  

Total ,  S 93.71 

13.14b - 

Interest  on working capi ta ld  1.69 
- 

Manufacturing cos t  95.40 

178.36 

499.50 

8.99 

508.49 

Sa les  pr icee  100.00 650.00 

Annual profit from complex = 365 X 0.93 X 1500 (100.00 - 95.40) + 365 X 685 (650.00 - 508.49) 
= $37,723,243 

'From Eq. (l), text; off-si tes = 0.931/(356.7)0*391 X 356.7 = $33.4; 46.5/356.7 X 33.4 = 4.4. 
bCapital recovery factor (for i = 10% and 15-year life) = iC.1 + i)"/(l + i)" - 1 = 0.13147; ind i rec ts  = 0.13147 X 

%directs = 0.13147 x 339,200,000/(685 x 365) = $178.36 per  ton of aluminum. 
dInterest on working capital  = S/[(365E/6Oi) - 11; E = 0.93 for phosphorus and 1.00 for aluminum. 

eFrom Table  10. 

50,900,000/(1500 x 365 X 0.93) = $13.14 per ton of P205. 
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Example 7. Convert  t he  manufacturing c o s t s  from the  complex of example 6 to non-United S t a t e s  condi- 

tions. In th i s  c a s e  bauxi te  is reduced from $8.00 per  ton to  $5.50 per tona  and phosphate  rock is in- 

c reased  from $9.60 to $19.00 per ton.' T h e  c o s t s  of other raw mater ia ls  and u t i l i t i e s  remain un- 

changed. Labor  c o s t s  a r e  halved, and the  c o s t s  of supp l i e s  and other mater ia ls  a r e  inc reased  by 

10%. T h e  cap i t a l  c o s t s  of plants a r e  separa ted  in to  two components,  an indigenously suppl ied  com- 

ponent and an imported component, with the indigenous fraction tabulated for t he  var ious indus t r ia l  

plants. '  The  c o s t  of t he  indigenous components of the  plant a re  the  same  a s  United S ta t e s  cos t s ,  

while the  imported components a re  20% higher than comparable equipment in the  United S ta tes .  For  

the phosphorus plant,  50% of the plant is imported equipment,  whereas  for aluminum, 20% of the  ex- 

traction plant and 40% of the  smelting and the  fabricating p lan ts  a re  imported. Assume the  same cos t  

a s  example 6. 

Correction of cap i t a l  investment to non-United S ta t e s  conditions: 

Phosphorus plant 

Capi ta l  correction factor = 1.20 x 0.50 + 0.50 = 1.10 

Capi ta l  investment  = 1.10 x $46,500,000 = $51,150,000 

Aluminum plant 

Extraction plant: 1.20 x 0.20 + 0.80 = 1.04 

Capi ta l  investment  = 1.04 x $65,700,000d = $68,328,000 

Smelting and fabrication plants:  1.20 x 0.40 + 0.60 = 1.08 

Capi ta l  investment  = 1.08 (134,400,000 + l l O , l O O , O O O ) d  = $264,060,000 

Total aluminum plant  investment  (battery l imits)  = $332,388,000 

Off-site investment  = (51,150,000 + 332,388,000) x 0.931/(51.5 + 332.388)0*391 = $34,872,975 

, 



Example 7 (continued) 

Capital investment (B.L.), 
millions of dollars 

Off-site investment, 

mill ions of dollars 

Tota l  investment 

Phosphorus P lant  Aluminum P lant  

51.2 

4.6 

55.8 

332.4 

30.3 

362.7 

Cost Component 
Elemental  Phosphorus Fabricated Aluminum 

(dollars per  ton of P 0 ) (dollars per ton of aluminum) 
2 5  

~~ 

Raw material 83.80 72.08 

Util i t ies 21.75 

Labor and overhead 2.67 

Other materials 5.12 

85.78 

60.29 

35.12 

Total  direct  c o s t s  113.34 

Indirect c o s t s e  

Total ,  S 127.75 

14.41 
__ 

2.30 f Interest  on working capital  

Tota l  manufacturing cos t  130.05 

253.27 

443.99 

190.72 

7.42 

451.41 

Sa les  pr iceg  131.00 800.00 

Annual profit from complex (after servicing debt a t  10%) = 365 x 0.93 x 1500 (131.00 - 130.05) + 365 x 685 
(800.00 - 451.41) = $87,639,931 

qndigenous  raw material. 
qmported raw material. 

cORNL-4290, p. 20, Tab le  3.2. 
dFrom Table  2. 

eAs i n  footnotes b and c of example 6. 
‘As in footnote d of example 6. 

gFrom Table  10. 


