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have  written a preface to this s tudy on nuclear-powered nndustnal  and ago- indus t r ia l  complexes f o r  
several reasons:  

ititmsnve industr ia l  p r o c e s s e s ,  and cluster ing the  plants around a nuclear  reactor, 1s not a new idea. 
Ilowever, prior to t h i s  s tudy ,  no really systematic a n a l y s i s  of s u c h  a complex had been made. Though the 
ecotioinics of s u c h  centers  depends sens i t ive ly  upon the  pr ices  that t h e  nndustrial. products  can command, 
]I find it most encouraging tha t  even  with fairly conserva t ive  assumptions subs tan t ia l  internal rates of re- 
turn c a n  be achieved  in  s u c h  nuclear-powered complexes.  

Secorid, the  s tudy  g ives  added incent ive to t h e  development of extiemely 1ow-c.ost energy sources. 
The demand for energy for chemical  process ing  is decidedly e l a s t i c .  If power can  be produced a t  much 
lesa than the 3 m i l l s  or so per  kilowatt-hour that  'TVA e s t i m a t e s  for  Browns Ferry Nu. 3,  fhen we may see 
chemicaf p r o c e s s e s  increasingly subs t i tu te  energy for other haw materials. TQ take a n  extrrrne example, 
power a t  1 mnll could play a n  important role  i n  t h e  l iquefact ion of coal 
etrergy a r e  ever  achieved,  the  demand for energy could be expected to rise dramatic,qily, as indicated in a 
srsrniquantitative manner in t h e  adjoining i l lustrat ion 
t i v c  fo i  the  long-term development of the most advanced nuclear  breeders  - reactors  that i t  1:; hoped c a n  
supply energy at much less than 3 mrlls /kwhr.  

First, I wrsb lo stress t h e  importance of the f indings of the  study. Combining t h e  outputs of energy- 

If t h e s e  extaemely low c o s t s  of 
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i v  

Third, though industr ia l  complexes of the  general type descr ibed here  are not fundamentally new, the 
conbinat ion of t h e s e  with highly rationalized agriculture based on desa l ted  water  is a new and very in- 
terest ing idea. T h e  relat ive emphasis  to be  placed on t h e  agricultural and the industr ia l  a s p e c t s  of t h e  
energy center  w a s  a matter to  which the study group gave  ser ious  thought. 
emerged represents  a careful  weighing of t h e  views of t h e  agricultural and industrial experts who partic- 
ipated in  the  work. Ta any case t h e  agricultural and industr ia l  e lements  of the  s tudy  a re  well separa ted  
and docuineiited so  that  those more interested in  the one or t h e  other, or in  the  combination, c a n  readily 
find what they need.  

energy complex in  a spec i f ic  location ought or ought not to be  built.  Such judgment m u s t  c o m e  only af ter  
a ve ry  detai led examination of a spec i f ic  s i t e  that  t akes  into account  a l l  local  and regional ecoiiomic and 
political factors. I a m  p leased  that  severa l  spec i f ic  s i t e  s t u d i e s  a rc  nevi under way, and w e  hope that  a t  
l e a s t  some of t h e s e  detai led studies will lead to  actual. construct ion of nuclear- powered energy centers .  

In conclusion,  I v a n t  to  thank a l l  the people  who worked so  diligently i n  preparing the  s tudy.  Pnrt ic-  
illah thanks go t o  Professor  E. A. Mason, who headed the  s tudy during h is  s t a y  i n  Oak Ridge in thz 
s u m m e r  of 1967; to John  Michel, Deputy Director of the study; to Corniiiissioner J a m e s  'T. Kamey, who 
provided strong support for performing the study; and to R. P. Hammond, whose i d e a s  have  formed the  
b a s i s  for much of t h i s  study. 

'The ba lance  which finally 

A study s u c h  as  th i s ,  with i t s  rather general approach, i s  not intended to prove that  a nuclear-powered 
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NUCLEAR ENERGY CENTERS: INDUSTRIAL AND AGRO-INDUSTRIAL COMPLEXES 

1. INTRODUCTION 

In June 1x7 the Oak Ridge Nat ional  Laboratory 
s ta r ted  a s tudy of the technica l  and economic feasi- 
bility of “nuclear-powered industr ia l  and agro- 
industr ia l  complexes,”  primarily as  an avenue to 
industrial, agricultural, and general  economic ad- 
vancement in developing countr ies .  Such a complex, 
shown schematical ly  i n  F i g .  1.1, might cons is t  of a 
large nuclear  reactor s ta t ion producing both elec-  
t r ic i ty  and desal ted water. T h e  electr ic i ty  would 
he  consumed in ad jacent  industr ia l  p r o c e s s e s  and 
for pumping water, while the d e s a l t e d  water  could 
be used  ei ther  for municipal and industr ia l  purposes 
in an industr ia l  complex or in  a n  irrigated agricul- 
t u r a l  complex located in a coastal d e s e r t  region. 

There  a re  many different forms that  energy- 
centered complexes can  take.  P o s s i b l e  complexes 
might include only t h e  reactor  coupled with an 
energy-consuming industry or with pumping s ta t ions  
for l i f t ing and transporting groundwater t o  agricul- 
tural irrigation projects  and for general industrial 
and urban u s e .  An example of t h e  la t te r  case is 
descr ibed in  a companion report’ a s  appl ied i n  an 
irrigation scheme u s i n g  pumped groundwater for the  
Ganges  P la in  in  India. 

T h e  recent report of the  President’s  Sc ience  Ad- 
visory Committee on The World Food Problem pro- 

* 

.__._. ~ 

‘Perry R. Stout, Potential  Agricultural Production from 
NrxIear-Powered Agro-Industria J Coniplexes Designed 
for the Upper Indo-Gsngecic Plain, ORNL-4292 ( to  be 
published). 

SEAWATER 

vides  much of the  motivation for the present  s tudy,  
T h i s  report2 concludes,  i n  part: 

1. “ T h e  s c a l e ,  sever i ty ,  and duration of the 
world food problem are  s o  great  tha t  13 massive, 
long-range, inrior~otive effort unprecedented in  
human history will be required to master  it.” 

2. “ F o o d  supply is direct ly  related to  agricul- 
tural development and ,  in  turn, agr icul tural  develop- 
ment and overat2 economic development a r e  cr i t ical ly  
interdependent in  the hungry countr ies .  ” 

T h e  principal quest ion set by the  ORNL study 
team was: How and to what ex ten t  could the  low- 
c o s t  energy ant ic ipated from nuclear  reactors  be 
used  effectively to i n c r e a s e  bot5 industr ia l  and 
agricultural production, with particular attention 
being given to appl icat ions in developing countr ies?  

1 .1  Background For the Study 

A s tudy  of integrated nuclear  agro-industrial 
complexes seemed appropriate a t  th i s  time for sev-  
eral reasons,  Starting in  1966 the  nuclear  reactor 
generating capaci ty  sold to  the utility industry in 
the  United S ta tes  had increased  d r a ~ n a t i c a l l y . ~  T h e  
c o s t  of producing electr ic i ty  from the l a r g e s t  of 
____ II 

’The World Food Problem, A Report of the President’s 
Science Advisory Commit tee ,  The White House, May 
1967. 

cast ing,  Forecast of Growth of Nuclear  Power, WASN- 
1084 (December 1967). 

3 U.S.  AEC, Divis ion of Operation Ana lys i s  and Fore- 
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t h e s e  reactors h a s  been est imated to b e  l e s s  than 
the al ternat ive c o s t s  for producing electr ic i ty  from 
f o s s i l  fuels  in many regions of the  United S t a t e s . 4 r 5  
Furthermore, developments now under way on ad- 
vanced bieeder reactors give prospec ts  of further 
reductions in the c o s t s  of generat ing electr ic i ty .  6-8 
Electr ic i ty  is already an important “raw material” 
in the production of many chemica ls  and  metal^,^ 
and the  future availability of s u c h  low-cost power 
i s  l ikely to increase  i t s  role. ” * ”  A preference 
for power-intensive p r o c e s s e s  should lead  to 
changes  in the  technology which wil l ,  in turn, af- 
fect the economics of the chemical  and metallurgical 
industr ies  and jn  some c a s e s  e l iminate  the depend- 
ency on cer ta in  key raw mater ia ls .  T h e  importance 
of t h i s  i s  magnified by the mobility of nuclear  en- 
ergy s i n c e  a nuclear reactor, unl ike a hydro plant 
or even an oil- or coal-fired plant ,  c a n  be built 
“anywhere” without suffer ing a s ignif icant  fuel 
c o s t  penalty. T h e s e  developments open the possi- 
bility of underdeveloped count r ies  that now lack 
foss i l  fuels  becoming self-suff ic ient  in energy and 
then in many heavy chemicals ,  including the b a s i c  
fer t i l izers .  

Coupling large advanced nuclear  reactors  with 
seawater  evaporators incorporating a n  improved 
hea t  transfer surface s u g g e s t s  that  i t  may be  fea- 
s i b l e  to u s e  desal ted seawater  i n  irrigation agricul- 
ture.’ In these  dual-purpose p l a n t s ,  high-tempera- 
ture s team from the reactor i s  used  for production 

4Tenncssee Valley Authority, Comparison of CoaI- 
F i r ed  a n d  Nuclear  Power P l a n t s  for  the ‘TVA System, 
Chattanooga, Tenn.,  Office of Power,  June 1966. 

Energy fo r  Industrial  I Icat  and Power,” Chem. Eng.  
Progr. 64 ( 3 )  (March 1968) .  

Sea Uater Dist i l la t ion P l a n t s ,  Annex A ,  Interagency 
T a s k  Force ,  Office of Science and Technology, March 
1 964. 

7J. A. Lane ,  “Economics of Nuclear Power,” Ann, 
Rev. Nucl. Sci.  16 (1 966).  

‘T. D. Anderson e t  a l . ,  l‘echnical and  Economic 
Evaluat ion of Four  Concepts  of Large  Nuclear  Steam 
Generators with Thermal Ra t ings  Up to 20,000 MU 
(ORNL report to be publ ished) .  

’J. M. Holmes and J. W .  Ullrnann, Survey of P r o c e s s  
Applicat ions in a Desal inat ion Complex, ORNL-TM-1561 
(October 1966) .  

duction of Ammonia Using E lec t r i c i ty  from a Nuclear  
Desal inat ion Reactor  Complex, ORNL-3882 (June 1966) .  

“Meyer Steinberg, The  Impact of Integrated Multipur- 
pose Nuclear  P lan t s  on the Chemical  a n d  Metallurgical 
P r o c e s s  Industries.  I. Electrochemonriclear Systems,  
BNL-8754 (December 1364) .  

G. L. Decker, W. B. Wilson, and W. B. Bigg, “Nuclear  5 

6Appendices t o  An Assessmen t  of Large  Nuclear  Power 

‘OR. E. Blanco e t  al., An Economic Study of the Pro-  

of e lectr ic i ty  in a turbine-generator; the  exhaust  
s team i s  then used  a s  the h e a t  source  i n  a seawater  
evaporator for the production of fresh water. 
projected c o s t  of water  from s u c h  p l a n t s ,  though 
much l e s s  than what h a s  been demonstrated so far, 
s t i l l  i s  higher than, most irrigation farmers usually 
pay although in inany c a s e s  t h e s e  pr ices  a re  sub-  
s id ized ,  It was  recognized, however ,  that  crop 
water requirements using d is t i l l ed  water may be 
less than generally had been bel ieved t o  De the 
case. I t s  u s e  in agriculture mould nevertheless  re-  
quire intensive fariii p rac t ices  and ski l l ful  manage- 
ment. 

Recent  developments in  both industr ia l  and agri- 
cultural technologies further e n h a n c e  the  viability 
of such  a complex. T h e  e l e c t i i c  furnace process  
for the production of phosphorus i s  of particular irn- 
portance to developing countr ies  that  do not have  
su1fur,l3 especial ly  in view of the  recent r ise  in  
the  price of sulfur. Also  of importance are the 
recent developments in water  e lec t ro lys i s ,  which 
could eliminate the  need for natural g a s  or petro- 
leum a s  a source for the hydrogen required in arnmo- 
nia  synthes is .  ’’ 
doubtedly find other large indus t r ia l  u s e s ,  such  a s  
reduction of iron ore t o  produce s t e e l .  

f iecent  advances have been made i n  agriculture, 
as evidenced by the nevi var ie t ies  of rust-resis tant  
dwarf wheat and rice developed largely under the 
sponsorship of the Rockefel ler  and F o r d  Founda- 
tions. Under conditions of adequate  fer t i l izat ion 
and management, these  var ie t ies  yield more  thaii 
twice as much per acre  a s  ordinary var ie t ies .  The 
water  required io ra i se  the grain needed to  sus ta in  
an adul t  i s  much reduced by the  u s e  of t h e s e  new 
crop types  when coupled with eff ic ient  management 
pract ices .  

T h e s e  sepa ia te  technologies ,  if judiciously com- 
bined,  may provide developing countr ies  a means of 
combating t h e  imminent food shor tages  a s  wel l  as  
providing a means of “leapfrogging” in their tech- 

T h e  

Inexpensive hydrogen will un- 

’ 2 R .  P. Hammond, “Desa l t ed  Water for Agriculture,” 
prepared fo r  the International Conference on Water for 
P e a c e ,  paper No. P/384, May 23.--31, 1967  (to b e  
published).  

duced by treating phosphate rock with sulfuric acid.  

77, 1 0 7  (March 1968) .  

tion by Electrolysis ,  ACSDS-0106643, vols.  I and I1 
(October 1966) .  

’ 3Currcntly, phosphatic fer t i l izers  are  primarily pro- 

14T. V. O’Hanlon, ‘“l’he Great  Sulfur Rush,’’ Fortune 

SAllis-Chalmers,  Design Study of Hydrogen Produc-  
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nological development. T h e  a d v a n t a g e s  of combin- 
i n g  t h e s e  technologies into a s ingle  complex are  
twofold: f i rs t ,  t h e  energy s o u r c e  c a n  be  larger than 
would otherwise be  t h e  c a s e ,  and b e c a u s e  of ecu 
nomics of scale the  unit cost of power and therefore 
of each  of the products is reduced; and second,  by- 
products or was te  products from one process  c a n  
s e r v e  as raw material for adjoining processes .  

Industrial complexes somewhat  l ike the  o n e s  
descr ibed in  t h i s  s tudy are by now well known i n  
the world. One of the b e s t  examples  is the  petro- 
chemical  SASOL complex near  Johannesburg,  South 
Africa; others  a r e  l o c a t e d  i n  Trombay, India ,  and 
T e x a s  City,  Texas .  T h e  complexes descr ibed here 
differ from t h e s e  i n  two respec ts :  agriculture, 
based  on desa l ted  water, i s  par t  of s o m e  of the  c o m -  
p l e x e s  studied in  th i s  report; and nuc lear  energy, 
rather than c o a l  or petroleum, is the fundamental 
raw material upon which t h e s e  complexes are  
based.  T h i s  ex is tence  of economical ly  sound,  
integrated industrial complexes s u g g e s t s  to u s  
that  the  idea of s imilar  complexes based  on  nuclear 
energy is well worth s e r i o u s  further and de ta i led  
s tudy.  

1.2 Organization of the Work 

In approaching the s tudy ,  i t  w a s  dec ided  to begin 
with a survey of the component par t s  of an agro- 
industri.al complex. Lists were prepared of many 
industr ia l  and agricultural products, and i t  w a s  
quickly realized that  many eliminatioris and  
c h o i c e s  could be made and technica l  interrelation- 
s h i p s  uncovered without reference to  a particular 
locality. On the  other  hand the  avai labi l i ty  of 
labor, mater ia ls  (including s u i t a b l e  land) ,  and 
markets  for end products a r e  s t rongly affected by 
t h e  locale ,  so that  a compromise between spec i f ic  
and general  s t u d i e s  had to be made. 

lines: f i rs t ,  “building block” information on in- 
dus t r ia l  p rocesses  and farm c r o p s  w a s  developed,  
and ,  secondly and s imultaneously,  information con- 
cern ing  the geography, demography, and economics 
of severa l  c o a s t a l  deser t  regions of t h e  world w a s  
obtained. More specif ical ly  the  work feil into the  
following categories .  

T h e  b a s i s  or ra t ionale  for t h e  assumed c o s t s  
of power, s team,  and d e s a l t e d  water. T h i s  was  
divided into two time reference per iods:  cost ranges 
expected from plants  using current  reactor and evap- 

T h e  study therefore proceeded along two paral le l  

1. 

orator technology, and c o s t  ranges  projected or 
ant ic ipated from plan ts  using advanced breeder re- 
ac tors  and advanced evaporator concepts .  

2 .  T h e  ef fec ts  of the  c o s t  of electr ic i ty  upon the 
technologies  and total  c o s t s  of var ious chemicals ,  
fer t i l izers ,  and metals  which require large amounts 
of electr ic i ty  in their production. T h i s  work in- 
c luded s t u d i e s  of the  e f fec t  of integrat ing a number 
of t h e s e  energy-intensive p r o c e s s e s  into various 
industr ia l  (nonagricultural) complexes which would 
be served  jointly by a nuclear-powered generating 
station. 

3 .  ‘The effects of the  c o s t  of water  on  the  total 
production c o s t s  of a variety of s e l e c t e d  crops. 
T h i s  work entai led the  development of water-yield 
relat ionships ,  quant i t ies  and c o s t s  for fertilizer, 
labor, s e e d ,  e t c . ,  and the  c a p i t a l  c o s t s  involved in 
developing c o a s t a l  deser t  regions for growing these  
crops under year-round intensively managed farming. 
While the c o s t  per unit of production of agricultural 
products remained a s  the focal  point, emphas is  w a s  
a l s o  placed on obtaining the maxirnum productivity 
of water. 

generat ing s ta t ion,  ‘an industr ia l  complex, and a n  
agricultural complex into a n  agro-industrial com- 
plex. 

5. T h e  geographic factors ,  s u c h  as topography, 
soils,  climate, mineral resources ,  economic factors ,  
and sh ipping  c o s t s ,  which would inf luence the  na- 
ture  and feasibi l i ty  of nuclear-powered agro- 
industr ia l  complexes i n  various p a r t s  of the world. 
T h i s  included a preliminary review of t h e  s o c i a l  
implicat ions and poss ib le  problems of implementa- 
tion i n  developing countr ies .  

4. ‘The economics of combining a nuclear  e lectr ic  

1.3 Reporting the Resu l t s  

T h e  intent  of th i s  report is t o  descr ibe  t h e  work 
performed, including a d iscuss ion  of t h e  rationale 
for the  assumptions used ,  and to present  the con- 
c l u s i o n s  and recommendations for further work. 
Quant i ta t ive relat ionships  h a v e  been included i n  
the at tached appendices  t o  allow t h e  reader  to ad- 
j u s t  the  resu l t s  for changes  in  assumptions i n  the 
manner of a “do-it-yourself ki t .”  A s e p a r a t e  sum- 
mary report is being concurrent ly  i s s u e d ;  more- 
de ta i led  reports in severa l  of t h e  major subjec t  
a r e a s  wil l  be published la te r ,  as follows: 
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Title of Report  Author 

1 .  Nuclear Energy Centers :  Industr ia l  and Agro-Industrial 
Complexes - Summary Report  

2. Po ten t i a l  Agricultural Production from Nuclear-Powered 
Agro-Industrial Complexes Designed for the Upper Indo- 

Ganget ic  Plaina 

Ga le  Young and J. W. 
Michel 

3. Data Obtained on Several  P o s s i b l e  Loca le s  for the Agro- 

Industria 1 Complex Young 
T. Tarnura and W .  J. 

4. I. Steelmaking in  a n  Agro-Industrial Complex A.. M. Squires 

11. Acetylene Production from Naphtha by E lec t r i c  Arc 
and by Part ia l  Coinbuslion 

W. E. Lobo 

5. Problems in Implementation of a n  Agro-Industrial J. A. Kitchfy 
Complex 

6 .  T a b l e s  for  Computing Manufacturing C o s t s  of Industrial  
Products  in  an  Agro-Industrial Complex 

H. E. Goeller 

ORNL No. 

42 91 

4292 

42 93 

4294 

42 9s 

42 96 

. . . . . . . . . . . . . . . . . . . 

aNot prepared under a u s p i c e s  of the U.S. AEC but included i n  this s e r i e s  because  of the c lose  relat ionship t o  this  
project. 

Perhaps  it i s  des i rab le  to mention what th i s  
s tudy  did not include. It w a s  not intended to be a 
s tudy  of or for a particular country or region. 
Further, i t  could not be of suff ic ient  depth to pro- 
vide the  b a s i s  for investment dec is ions ;  for ex- 
ample, no detai led market a n a l y s e s  or surveys of 
the  adequac ies  of the countr ies’  related infrastnuc- 
tures  were conducted. In general, a financial 
analys is  was not made nor was the  nuclear-powered 
ago- indus t r ia l  complex compared with other  a l ter-  
na t ives  for achieving s imilar  benefi ts .  Fiilally, i t  
should he recognized that the  reason for not exam- 
ining in th i s  study an agriculture only complex 
based on desal ted water w a s  that  single-purpose 
water-only plants  have  not ye t  been designed that  
will give water c o s t s  as  low a s  those  obtainable 
from the dual-purpose electr ic i ty/water  plants .  

1.4 Acknowledgments 

economists ,  sc ien t i s t s ,  and agricultural experts  
undzr the direction of Professor  E. A.  Mason of the 
Massachuse t t s  Inst i tute  of Technology.  T h i s  staff 
was a s s i s t e d  by s i x  consul tan ts  who worked on 
s p e c i a l  topics ,  and by an advisory panel  of 13 
dis t inguished consul tan ts  f r o m  industry,  govern- 
ment, and academic inst i tut ions.  T h e  panel met for 
three two-day review sess ions .  during the  summer. 
Exper t s  from nine industrial organizat ions provided 
information concerning capi ta l  and operat ing c o s t s  
for var ious industrial p rocesses ,  wh i l e  a large num- 
ber of other contributors provided information on 
various other a s p e c t s  of the project. T h e  names 
and organizat ions of t h e  par t ic ipants  a re  l i s ted  in 
Appendix li?, and vie wish  to  acknowledge their  help.  

During the summer of 1967 the Laboratory brought 
together a fu!l-time s tudy group s taff  of 16 engineers ,  



AII in tens ive  short-term study was made to eval-  
ua te  the technical  and economic feasibi l i ty  of 
applying large nuclear  energy centers  for (1) t h e  
production of b a s i c  industr ia l  products i n  t h e  
United S ta tes  and in  developing countr ies  and  (2) 
the production of both industr ia l  and agricultural 
products us ing  desa l ted  water  a t  c o a s t a l  deser t  
regions, primarily in  developing countr ies  of t h e  
world. T h i s  report descr ibes  t h e  work performed 
in connection with this s tudy ,  and t h e  following 
summary sec t ion  briefly d i s c u s s e s  t h e  m o s t  signif- 
i c a n t  r e s u l t s  in the  main areas of work and  presents  
the overal l  conclusions of t h e  s tudy.  Detailed con-  
c lus ions  and recomrneridafions are given in Chap. 9 
of th i s  report. 

the  object  was to determine the  e f fec t  of various 
c o s t s  for e lectr ic i ty  and wate t  on the c o s t  of pro- 
duction of industr ia l  and agricul tural  products. 
Electr ic i ty  and water were therefore considered to  
be purchased from outs ide  t h e  complex; the  costs 
o f  t h e  electr ic i ty ,  watet ,  and raw mater ia ls  re- 
quired were varied parametrically over ranges 
s e l e c t e d  to  include condi t ions around the  world. 

In the second model, the  objec t  w a s  t o  es t imate  
the  total  investment, operat ing c o s t s ,  income, and 
rate of return for integrated nuclear-powered in-  
dustr ia l  and agro-industrial complexes. S ince  t h e  
electr ic i ty  and water  required for production u s e s  
would be produced within the  complex, the  costs 
of electr ic i ty  and water i n  th i s  second model were 
not es t imated direct ly ,  but ra thet  all t h e  capi ta l  
and operat ing c o s t s  for producing t h e s e  inputs  
were included i n  arriving a t  t h e  total  c o s t s  for 
operating t h e  overal l  complex under consideration. 

In both models, various l e v e l s  of production 
capaci ty  were considered.  Two s e t s  of economic 
condi t ions were employed - one for condi t ions i n  
the United S ta tes  and one  for developing countr ies .  
T h e s e  condi t ions primarily cons is ted  of a s s u m e d  
s e t s  of costs of plant construct ion,  raw mater ia ls ,  
and labor, and the s a l e  pr ices  oE f inished products. 
Uniform methods were adopted to al low for in te res t  
during construct ion,  depreciat ion,  working capi ta l ,  
e tc . ,  us ing  a range for the  c o s t  of money from 2.5 
to 20%. No a l lowances  were spec i f ica l ly  made for 
taxes ,  nor were marketing e x p e n s e s ,  including 
transportation c o s t s ,  provided for generally. All 
c o s t s  and incomes were est imated a t  the  1967 
level ,  with no al lowance for esca la t ion .  

Two generalized models were used.  In t.he f i rs t ,  

T h r e e  types  of economic a n a l y s e s  were made to  
ind ica te  the profitability of the concep1.s considered 
in  t h i s  study: 

1. F o r  industr ia l  products - the masirnurn c o s t  of 
electr ic i ty  which would. give t h e  same manu- 
factur ing c o s t  a s  obtained by us ing  a n  al terna-  
t ive  non-energy-intensive process .  

2. F o r  industry or agricul ture  - the maximum 
power cost or water c o s t  which would give a 
production c o s t  equal  t o  t h e  current s e l l i n g  
price. 

3. Fur  industry or agriculture or for complexes 
involving each  or both - a n  internal  ra te  of 
return which represents  the  cost of money a t  
which the present  value of the manufacturing 
cost:, including investment, e q u a l s  t h e  present  
va lue  of the income from product sales. 

Suff ic ient  information is presented to  enable  other  
forms of a n a l y s e s  t o  be performed so that  compari- 
sons with other  poss ib le  investment  opportunities 
may be made, but such  comparisons were not a 
part of t h i s  s tudy.  

2.1 Power and Water Technology and C O S $  Bases 

T h e  technology and the a s s o c i a t e d  cost of pro- 
duction of power from a nuclear  reactor and t h e  
cost of desa l ted  seawater  from evaporator plants  
were es tab l i shed  for reference u s e  throughout th i s  
report. Two time periods were considered:  (1) 10 
y e a r s  i n  the  future (designated “near-term”), us ing  
somewhat improved current technology cons is t ing  
of light-water reactors  with mult is tage f lash evapo- 
rators, and (2) 20 y e a r s  off (designated “far-term”), 
using the  advanced technology of breeder  reactors  
and combination vertic:al-tube and mult is tage f lash 
evaporators. Cos t  es t imates  of equipment and op- 
erat ing e x p e n s e s  were prepared for e a c h  t i m e  period 
and for various rneihods of financing. ‘l‘able 2.1 
summarizes  the b a s i c  power c o s t s  for United S ta tes  
condi t ions which were developed and u s e d  in  this 
study. 

I t  should be recognized t ha t  t h e s e  c o s t s  are 
i l lustrat ive es t imates  only and that, parf.ic:ularly 
for the  far-term breeder reactor, the  c o s t s  should 
be considered with uncertainty l imits  of a t  l e a s t  
120%. For example, increasing t h e  capi ta l  cost 
of a breeder reactor by 25% would i n c r e a s e  t h e  

5 
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T a b l e  2.1. Power Costs for Large Multiple 
Reactor Stations, 3880 Mw ( e l e c ~ ~ . i c o l )  

Power costs in  mills p e r  kilowatt-how; load 
factor = 90%. 

resent  primarily operating costs of overhead 
and maintenance, insurance,  and fuel  cycle .  

Numbers in parentheses  rep- 

- ......... ___ ........... ~ 

0 

Cost of Money Reactor  ....... ___ 
Technology 2.5% 5 7 0  10% 2 0% 

Near-term, 1.8(1.2) 2 . 1 ( 1 ~ 3 )  2.9(1.4) 4.8(1.6) 

l ight water 

Far-term, 0.8(0.2) 1.2(0.3) 2.0(0.5) 4.3(1.1) 

advanced 

breeder 

power c o s t  (at 10% cost of money) t o  2 .4  m i l l s /  
kwhr; simultaneously lowering t h e  load factor to 
0.8 would increase  t h e  power c o s t  a n  addi t ional  
0.4 mill/kwhr. 

sa l ted  seawater ,  no c o s t  a l locat ion for the  two 
products was  attempted; but incremental costs of 
adding additional capaci ty  for e a c h  were obtained 
for severa l  s i z e s  of plants  and for costs of money 
from 2 t/, t o  20%. For t h e  neai-term technology the 
incremental power c o s t  varied from 0.8 to 3.8 
mills/kvuhr (2 2 and 20% respect ively) ,  and t h e  
incremental c o s t  of water  varied from 12 to 49q 
per 1000 gal (also a t  2% and 20% respectively). 
The  corresponding f igures  for the  far-term case 
were 0.3 to 3.3 mills/kwhr and 5 to  340 per 1000 
gal. 

For dual-purpose plants  producing power and d e -  

2.2 u s s  ' O f  Pawc?a 

A number of electr ic i ty- intensive p r o c e s s e s  were 
invest igated to determine the effects of power c o s t  
on total  manufacturing cos t .  This work involved 
the compilation of all. t h e  inany c o s t  componeats 
and their  variation with the  s i z e  of t h e  production 
faci l i ty .  Where poss ib le ,  t h e s e  processes  were 
compared with a compcting non-electricity-intensive 
process  to  determine the "break-even" power cos t ,  
that  is, the c o s t  of power at, which t h e  manufactur- 
ing  costs by the  two processes  are equal .  T h e  
two most important b a s i c  fer t i l izer  mater ia ls ,  
nitrogen (as ammonia) and phosphorus (as phos- 
phoric acid), are in  this  categony. Ammonia via  
water e lec t ro lys i s  was compaied with ammonia via 
steam reforming of methane or naphtha, while  phos- 

phoric a c i d  made by the e lec t r ic  furnace process  
w a s  cornpared with phosphoric ac id  f rom the s u l -  
fuiic a c i d  acidulation of phosphate  rock. Figure 
2.1 s h o w s  t h e s e  comparisons and i l lus t ra tes  the  
higher re la t ive profitability of the  e lec t r ic  furnace 
phosphorus process .  

T h e  manufacture of c a u s t i c  and chlorine i s  nor- 
mally done by brine e lec t ro lys i s ,  and ,  unl ike 
aluminum ( s e e  below), the raw material c o s t s  
(sal t )  a r e  usual ly  qui te  low. For a c o s t  of money 
of 10% and s a l t  a t  $3 per ton, the  production c o s t  
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for chlorine from a 1000-ton/day plant  (assuming 
no credit for the coproduced c a u s t i c  and al lowing 
for all capi ta?  charges including a 10% return on 
iravestinent) is as follows: 

Power l o s t  Manufacturing Cost 

(dol lars per ton of c1 ) 2 (rnilis/kwhr) 

2 

4 
3 3 

40 

F o r  a chlorine selling price  of $SQ/ton (recent  
U.S., f.o.b.), reducing the power c o s t  from 4 to 2 
mil ls  would result. i n  an appreciable  increase  of 
proii ts ,  In developing countr ies  where the co- 
product, caus t ic ,  is more in  demand and sells for 
as riiuch as $80/ton, fhe profitability is even 
greater. Caus t ic  and chlorine ( a s  hydrochloric 
ac id)  may be used ei ther  s ing ly  or  together a s  a 
scale-preventat ive treatment for the  seawater  feed 
to an evaporator plant. ‘Thus, electricily would in  
e f fec t  replace sulfur (as sulfur ic  a c i d )  for  t reat ing 
seawater  i n  evaporator plants .  

The manufacture of aluminum w a s  also evaluated 
in  some detai l .  S ince  a n  al ternat ive process i s  
not avai lable  for this product, a geographical com- 
p;iri:jon w a s  made. For example, low-cost (2 
i ~ ~ i l ~ s / k w l ~ r )  power at  a hydro s i t e  6000 miles  from 
the raw mater ia ls  w a s  compared wiih a nuclear.- 
powered s i t e  1000 miles  from t h e  bauxi te  source .  
For this  c a s e  a “break-even” power c o s t  range o f  
frorri 2’/2 to about 6 rnills/kwhr w a s  obtained for a 
wide range of pxrameter va lues  (e.g., cost of money 
from 2$2 to 20”/,, plant  capaci ty  from 60 to 685 
tons /day ,  and bauxite, costs from $3 t o  $14/ton). 
In this  comparison, imported alumina at  $GO t o  
$77/ton w c s  assumed to b e  the  raw material f o r  
the aluminum plant at: the  hydro s i t e .  

Other p r o c e s s e s  that  were examined, but i n  l e s s  
tlet .aj1 t han  those mentioned above,  were (1) chemi- 
cal:; from evaporator discharge brine, including 
sal! (NaCI), potassium chloride, and magnesium; 
(2) iron and s t e e l  by hydrogen reduction; ( 3 )  ace ty-  
lene  from naphtha (or methane) us ing  t h e  e lec t r ic  
arc process ;  and (4) cement  and sulfur ic  ac id  f rom 
a p s u m  (obtained from seawater) .  

The industr ia l  complex (a group of inkr re la ted  
industr ies  without an on-si te  power plant) w a s  
a l s o  evaluatkd by the  break-even power cost 
method. 
the  c o s t  of  power a1 which production cost, in- 
c luding all  c a p i t a l  charges  (at- a given cost of 

[‘ ‘ Break-even ” in  th i s  connection denotes  

7 

money, i> j u s t  equa ls  incvrne from the  sale of 
products.] For a United S ta tes  locat ion with i == 

lo%, the  break-evern power cost varied from about 
4 to 6 mills/kwhr, depending on the: product mix 
and the s ize  of the complex. Two typical  ex-  
amples  of t h e  more than 70 cases evaluated are 
given in  Table  2.2, indicat ing the e f f e c t s  of dif- 
ferent product mixes,  United S ta tes  v s  foreign 
location, and the inf luence of the  i:o:;t of elec- 
tricity OF. t h e  a t t rac t iveness  of t h e  complex. 
eEfect of the size of the c o r ~ p l e x  and the cost  of 
power on the rate of i e t ! ~ ~ n  is i l lustrztcd i n  Fig. 
2.2 f o r  a particular product mix under TJnited States 
conditions. 

was  limited to thf.)se requiring reiatively Large 
amounts of e lectr ic i ty .  T h e s e  were priinarily 
basic products which would usual ly  b e  further 
processed before u s e  or be used  as raw mater ia ls  
f o r  other processes .  However, lo 1:est the eEfect 

T h e  

In general, the  se lec t ion  of processes  s tudied 

ORFII-DWIG 6 8 - 2 1 5 7 H A  ............................................... ....... ~ ...... ~~~ ...... 
I 

2OG0 Mw, PLANT CAPACITY (tor!s/rloy) 
. AMMONIA 3000 

PIIOSPHORUS i 
OLUMIhUM 514 
CHLORINE -- OAUS-TIC I O O O - - l 1 3 G  

Fig.  2.2,  Ef fec t  of complex  Size and Power C o s t  on 

Internal Rare of Return. 
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of manufacturing secondary products on the break- 
even power cos t ,  the  manufacturing costs for three 
fertilizer mater ia ls  - urea,  ammonium nitrate, and 
nitric phosphate  - a l l  made from ammonia - were 
computed. T h e  overal l  profitability w a s  appreci- 
ably increased  by including the  manufacture of 
these products in  a complex. 

A generalized comparison was  made of t h e  rela-  
t ive profitability of a large integrated industr ia l  
complex [2500 Mw (e lectr ical)]  with a n  equivalent  

industry made up of small  plants  d i spersed  through- 
out the  country near the market or point of con-  
sumption. 'This comparison thus indicated t h e  
tradeoff between t h e  s a v i n g s  in manufacturing 
cos t ,  due to the  low-cost power from a large cap-  
t ive power s ta t ion  along with size s c a l i n g  and 
jo in tness  advantages,  and the increased transpor- 
tation c o s t s  required to  delivei t h e  products t o  
the markets. Table  2.3 summarizes t h i s  compari- 
son for a non-U.S. case of shipping half the  

Table 2.2. Two Typical  1000 Mw (e lectr ical )  Industrial Complexes 

U.S. Complex Non-U.S. Complex 

To ta l  value of products (IO6$) 
Power c o s t  (mills/kwhr) 
Production c o s t a  
Break-even power c o s t  (mills/kwhr) 
'rota1 cap i t a l  investment (10%) 

Products  (tons/day):  
Ammonia - 1500 
Phosphorus -.- 560, a s  P2Q5 
Aluminum -- 257 
Caustic-chlorine - 500, of chlorine 

129  
2 4 6 

118 133  150 

3 .3  
2'77 

Products  (tons/day):  
Ammonia - 1630 
Phosphorus -- 800, a s  P 2 Q 5  
Caustlc-chlorine - 355, of chlol-inc 

To ta l  value of products ( lo6$)  8.5 

Power cos t  (mills/kwhr) 2 4 6 
Production c o s t  (10%)" 71 87 106 

Break-even power c o s t  (mills/kwhr) 
To ta l  cap i t a l  investment (10%) 

3.6 
99 

172 
2 4 6 

128  142 165  
7 .0  
3 03 

118 
2 4 6 

107 112 1 3 0  
4.6 
112 

~~ 

aCapital charges computed for  a 10% c o s t  of money. 

Table 2.3. E s t i i i w t c s  of the Economic Advantages of a L.orge Integrated Industrial Coinplex 
.- .......... .................... ...... . 

Income Investment Direct Return 
from Sa le s  in Industry on Investment 

Product Product 
Power Cos t  Manufacttiring Transport  

(dollars/year) (dollars) ("70 ) (mills Ikwhr) c o s t  C o s t  
(dollars /'year) (dol lais  {'year) 

____.- .......... .. .......... ......... ...... 

x 1 0 6  x 106 x 106 x 106  

Large complex 3 
Small p lan ts  3 

5 

261- 2.5 462 
296 46 2 
3 4 1  462 

640 
96 0 
96 0 

27 
1 7  
1 3  
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products from a large complex by rai l  300 m i l e s  
and half by sea 1000 miles  and us ing  a c o s t  of 
money of 10%. Transportation costs for raw ma- 
te r ia l s  were not allowed for but would probably 
represent  a n  addi t ional  advantage for t h e  la rge  
complex a t  a s e a c o a s t  location. A s  indicated in  
this table ,  a large complex could produce t h e  s a m e  
products (ammonia, phosphorus, aluminum, and 

T h e s e  requirements were est imated for t e n  crops,  
including grains ,  vegetables ,  oil c rops ,  fruits, and 
fiber. Crop y i e l d s  and their response  to varying 
l e v e l s  of water appl icat ion were also est imated by 
a review of the  ava i lab le  d a t a  and consul ta t ion 
with many experts .  T h e  y i e l d s  assumed a r e  those  

caustic-chlorine') for two-thirds t h e  investment  and 
for considerably lower production cost. Nlith t h e  
more probable  value of 5 mills/kwhr for the small  
plant ' s  power cost, over one-half of the difference 
in  snnual  manufacturing c o s t s  may b e  attributed 
to the difference i n  the  assumed power c o s t s .  

were developed t o  i l lus t ra te  t h e  advantage of 
s c a l i n g  t h e  power source  and jointly u s i n g  other 
common fac i l i t i es  as well as us ing  intermediate  
or w a s t e  products  from o n e  p r o c e s s  by another. 
R a t e s  of return were computed for a number of such  
complexes varying in size from 500 to 2100 Mw 
(electr ical)  for both United S t a t e s  and foreign con- 
di t ions with different technologies  and product 
mixes. As indicated in  T a b l e  2.4, r a t e s  of return 
varied from less than 5% t o  about  19%, t h e  smal les t  
va lue  being obtained for a 500 Mw (electr ical)  
United S t a t e s  case with current technology and 
the  highest  ra te  of return for t h e  2100 Mw (elec- 
trical) foreign advanced-technology case. Note 
the l a r g e  increase  i n  return for t h e  1000 Mw (elec- 
t r ical)  LWR United S t a t e s  case when t h e  product 
mix is tailored to  a s p e c i f i c  locat ion.  

Other u s e s  of e lec t r ic  power which were included 
i n  some cases were: (1) power del ivered by trans- 
mission l i n e s  to  off-s i te  load  centers ,  ( 2 )  power 
u s e d  for pumping water within t h e  evapotator  plant  
and in t h e  irrigation sys tem,  (3 )  auxiliary power for 
u s e  within t h e  complex, and (4) power for an a s -  
soc ia ted  town. 

Several examples  of a nuclear  industr ia l  complex 

T h e  production of dis t i l l ed  water  w a s  considered 
only for agro-industrial complexes  loca ted  in  re- 
mote coastal deser t  regions where t h e  water w a s  
used  primarily for irrigation. While water  for gen- 
e ra l  urban u s e  could be produced i n  a n  industrial- 
only complex, t h i s  w a s  not spec i f ica l ly  considered 
in  t h i s  s tudy.  

Water used for irrigation suppl ied primarily t h e  
evapotranspirat ion requirements of the crops.  

Tabla 2.4. Comparison of ln iernal  Rates of Returna 

for Several Nuclear-Industrial Complexes 

Product Product 
Mix I b  Mix IIb 

U.S. Non-U.S. U.S. Non-U.S. 
____ ._____--. 

----l..__.___ll. 

Reactor Type 
11.4 16.1 13.1 16.3 Light water 

F a s t  breeder 12.9 16.8 14.9 17.3 

Thermal breeder 14.1 18.0 16 .5  19.1 

Size  (Light-Water 

Re actor ) 
4.5 9.7 500 Mw 

(electric a 1) 

1000 R/lw 7.4 12.7 
(ele c t r ica  1) 

2000 Mw 11.4' 16.1 
(electr ical)  

Specific Loca t iond  
1000 M w  1 8 . 7 d  

(e lectr ical)  

(LWW 
...__..___. 

aThe internal ra te  of return represents  the maximum 
cos t  of money which may be used  and just  meet a i l  ex- 
penses  including return on investment, amortization, 
and  interest  during construction a t  this  rate a s  well  a s  
the normal operating cos ts .  
pense  ate not included. 

T a s e s  and marketing ex -  

b Product Product 

Mix I Mix ! I  

Ammonia, tons/day 3000 3080 

Phosphorus,  tons  /day 1120 1500 
Aluminum, tons /day 514 
Caustic-chlorine,  tons /day  11 30/1000 2260/2000 
Power, Mw (e lectr ica  1) 2048 2026 

'Increasing the  reactor c o s t  from $125/kw to $15O/liw 
would reduce the  r a t e  of return I.JY 0.6. Eliminating the  
production of NM, and thus  decreas ing  the power con- 
sumption to '','IO00 Mw (e lectr ical)  i nc reases  the return 
by about 0.6. 

"TTaitored product mix f o r  a Florida loca t ion  near 
phosphate rock depos i t :  
and G85 tons /day  of aluminum ingot. 

11x0 tons/day of phosphorus 
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regularly obtained today by the  top 20% of farmers 
on good irrigated land. 
shown in Table  2.5. In t h e  context  of a highly 
mechanized and intensively managed farm, the di- 
reel c o s t s  for e a c h  crop were compiled. T h e s e  
included the  c o s t s  for labor, fer t i l izer  and chem- 
i c a l s ,  s e e d s ,  s torage,  market preparation, e tc .  
Current pr ices  paid to  farmers were obtained for 
each crop so that  re la t ionships  between t h e  re turn  
(above direct c o s t s )  and the  pr ice  of water to  t h e  
farmer could b e  obtained. 
made of t h e  fixed c o s t s ,  including t h e  irrigation 
system, buildings, roads,  equipment, and allow- 
a n c e s  for land reclamation and drainage faci l i t ies .  
It w a s  then  poss ib le  to es t imate  t h e  relat ive piof- 
itahility of producing various c rops  as a futictinn 
of the  pr ice  of water. For example, i t  w a s  shown 
that  some crops, such as  tomatoes, c i t rus ,  and 
cotton, would have posi t ive returns above  direct 
c o s t s  with a water c o s t  of 30$/1000 gal or  higher, 
while a11 other c rops  considered,  with t h e  excep-  
tion of safflower, sorghum, and soybeans ,  could do 
so a t  2 O ~ / l O O O  gal. 

The  v a l u e s  adopted a r e  

Es t imates  were also 

Crop Type 

Gra in  

P u l s e s  

Oil  

Vegetables  

Ci t rus  fruit 

Fiber 

T h e  maxiiiiuin water c o s t  allowable so that the  
total production c o s t s  (direct p l u s  fixed or capi ta l  
expense)  equal  crop revenue, w a s  obtained for 
several  crops us ing  a cost of money of 10%. For 
wheat t h i s  pr ice  was  about X $ / l O O O  gal ,  for pea- 
nuts ,  12g/1000 g a t  and for p o t a t o e s  greater than. 
35@/1000 gal. T h e s e  f igu res  a re  qui te  s e n s i t i v e  
to the assumed Crop pr ices;  for example, increas-  
ing the  assumed p i ice  of wheat from 2.7$/lb (paid 
to f a r m e r s  i n  exporting countr ies)  to 3.3$/lb (de- 
livered pr ice  to India) i n c r e a s e s  t h e  maximum al- 
lowable c o s t  for water to nearly 17$/1000 gal. 

‘Three t y p e s  of cropping s y s t e m s  were evaluated:  
mixed crop, high profit, and high calor ie  produc- 
tion. All three obtained their irrigation water sup-  
ply from a 1000-Mgd (million gal lons per  day) de. 
sa l t ing  plant  a t  two l e v e l s  of assumed water cos t :  
10 and 20$/1000 gal. T a b l e  2.6 summarizes  these  
evaluat ions,  and Fig.  2 .3  ind ica tes  t h e  effects of 
changes  Iri t h e  c o s t  of water and in  t h e  crop pr ice  
l e v e l s  on the  rnte of return. 

T h e  two s e t s  of crop p r i c e s  i ised i n  Fig.  2 .3  arb 
(1) t h o s e  paid to  farmers in  exporting countr ies ,  t o  

‘Table 2.3.  Crop Water-Yield Rela t ionsh ips  

Crop 

....... 

Wheat 
Sorghum 

Peanu t s  
Dry beans  

Safflower 
Soybeans 

Po ta toes  a 
Tomatoes a 

Oranges a 

Cotton a 

Efficiency of Water Use  
._____ - - Applied per Yield Food Value ....... 

Fer t i l i ze r  Water U s  e 

Inches 

2 0  
27 6 

34.5 
20.6 

33.4 
33.4 

16  
1 9  

53.1 

34.5 

.... 

.. 
Yield Gal lons per Acre (lb) ( lb l ac r r )  (Cal/lh) Gallons 

per Acre ( lb jga l )  2500 C a l  
N P20, 

................... ......... - .......... ............ 

i o 3  i o 3  x 102 i o 3  
543 200 50 6 .0  
749 150 80 8.0 

14.8 11.1 
15.1 10.7 

152 
154 

937 120  80  4.0 18.7 4 .3  313 
559 70 70 3.0 15.4 5.4 302 

907 200 50 4.0 14.2 4.4 4 04 
907 100 50 3.6 18.3 a. 0 343 

434 200 120’ 1 8  2.79 111 81 
516 200 150 60  0.95 116 227 

1412 180 30 44 1.31 30.5 628 

937 300 100 1.75 (l int)  4.9 (totat) 
2.8 ( seed )  

... ......... ......... .......... ................... - 

“Due t o  marketing considerat ions,  the ac reages  of these crops were restr ic ted.  
b45 l b  of K 2 0  w a s  a l s o  applied.  
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Table 2.5. Summary of F a r m  Sys tems  
1_--. I_--_ .- 

Pat te rn  

T e n  Crops High Value High Calor ie  
I__. 

- --x__II_I._ .-I_.. l _ - - . _ ~ ~ _ l l l l _ l  -. 

Farm size, thousands  of acres  m i  320 3 00 

Percentage  of *water temporarily s tored  18 2 6 24 

Production 

Millions of tons per yeor 3.6 3.1 3 . 3  

Bil l ions  of Calor ies  per year  4080 4800 5680 

Investment,  millions of doll  285 3 06 2 95 

Operating cos t s ,  mill ions of dollars per year ,  a t :  

I 0~/1000 $3 I 1 1 5  1 02 92 
20~/1000 gal 148 1 3 5  125 

Gross receipt:$ a t  import prices, m i l l i o n s  of dollars p e r  year  2 06 105 182 

Internal rate of return, a %, at: 

10~/1000 gal  25 26 21 
20q/ l000  gaI I6 17 12 

Millions of persons  fed'' 4 .5  5.3 6.3  

Protein per  person fed,  g/day 91 107 7 9  

Water used per person fed, gpd 200 170 145 

Investment per person fed, dollars 66 58 47 

10$/1000 ga l  7.0  5.3 4.0 
206/1000 ga l  9.0 7 . 0  5.4 

Operating cos t  per person fed,  $ /day ,  at: 

l_l._l.l_l.lll..ll-lI__~ .... ___..I_ ..--- 

%eluding all operating and  overhead expenses ,  a l lowances  for  interest  during construction, and a l l  capital. 

b2500 Cal/day. 
charges.  

cover t h e  case of enter ing world markets,  and (2) 
an import pr ice ,  to cover  t h e  c a s e  of internal con- 
sumption of the  food. T h e  u s e  of s e t  2, which was 
30% above set 1, significantly increased t h e  profit- 
abil i ty of the  farm. 

Another vi ta l  assumption made i s  tha t  su i tab le  
crop var ie t ies  €or the region will be avai lable ,  
which in  some cases implies  development programs 
including experimental  f a r m s  and involving y e a r s  
of advance effort. In general ,  the  uncertaint ies  
a s soc ia t ed  with agriculture appear somewhat 
greater than for t h e  industr ia l  enterpr ises .  

2.4 lntegration of  Power 
and Water Production and Uses 

Combining the  nuclear reactor,  turbinegenerator ,  
evaporator,  industry,  and farm into one la rge  enter- 

pr ise ,  a nuclear agro-industrial complex, necess i -  
ta ted the  development of a physical  model and an 
economic model. T h e  phys ica l  model, par t ia l ly  
depicted in  the  frontispiece,  is based  on u s e  of a 
relatively f la t  coastal deser t  region and inc ludes  
provision for all the required fac i l i t i es  to operate  
the  complex including a town and small, family 
farm p lo ts  (not shown) for the  farm employees and 
Some of the  industrial  workers. T h i s  model also 
includes t h e  required facilities for s torage  and 
shipping of all raw mater ia ls  and products .  

T h e  economic ana lys i s  of t h e  complex cons i s t ed  
in  the i temization of capi ta l  expenditures,  operating 
c o s t s ,  and rece ip ts  from the sale of products.  This 
vias done for two l e v e l s  of reactor jevaporator  tech-  
nology at severa l  sizes for both United S ta tes  and 
foteign cases. T h e  internal  rate of return was com- 
puted as a figure of merit for e a c h  case. T a b l e  
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2.7 shows  a condensed  version of one  of the  marly 
economic eva lua t ions  made and i l l u s t r a t e s  the  dif- 
fe rence  between the  application of near--terrn (light- 
water reactor and  multistage flasli evaporator) and 
far-term (advaiiced breeder reactor and vertical-tube 
evaporator) technologies for a non-U.S. location. 

T h i s  tab le  a l s o  i l lus t ra tcs  the  e f f ec t s  of severa l  
of the var iab les  considered on  the  internal rate of 
return: (1) the effect  of manufacturing secondary 
products  (i.e., ammonium nitrate,  urea, e t c  ) iin- 
proves the  r e t u r n  and (2) in the  far-temi case, by- 
passing 25% of the  prime s team directly to  the  de. 
s a l t i ng  plant and thereby reducing the  electricity 
generation d o e s  not apprcciably affect  t h e  return. 
Bypass ing  about 85% of the  s team to provide only 
enough power to  opera te  the  desa l t ing  plant and, t he  

farm (no industrial  power) decreased  the  internal 
ra te  of return for t h e  far-term complex from 16.5 t o  
10.1% and for near-term technology from 14.6 t o  
7.4%. 

Foi non-U.S. conditions the  e f f ec t s  of s i z e ,  in- 
dustrial  product mix; crop p r i ce  !evel, and assumed 
capi ta l  aild operating c o s t s  were varied t o  deter-  
mine the  sens i t iv i ty  of the  internal ra te  of return 
to variation i n  t h e s e  paraiizeters. Increasing the 
s i z e  of the  complex from 525 Mw (electrical)  in- 
dustty/320 Mgd farm to  2100 M W  (e lec t r ica l ) / l280  
Mgd s i v e s  an inc rease  in the  internal ra te  of return 
of about four percentage  points.  Eliminating the 
production of aluminum while increas ing  the pro- 
duction of caas t i c i ch lo r ine  and  phosphorus de- 
creased the  interrial ra te  of return by about one 

0 5 (0  15 20  25  30 

PRICE OF WATER ($/IO00 g a l )  

Fig. 2.3. internal Rate of M e t i ~ r n  for the T h r n e  F a r i n a  as a Function of tho P r i c e  of Wnter. 
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Table 2.7. Comparison of Technologies for Nuclear-Powered Agro-Industrial 
Complexes Producing Aluminum (685 Tons/Dayf, Ammonia (1740 Tons/Day), 
Phosphorus (765 Tons/Day), Caustic-Chlorine ( 1  500 TondDoy),  and Food 

Industrial power, 1585 M w  (electrical) 
~ _._.__._.______II 

Near-Term Technology Far-Term Technology 

Secondary Primary Primary 
Products, NIX3 Primary Products, Products; 
Converted to  Products No Grid; N o  Induslry; 

Urea and plus Gridb Steam Steam 

Primary 

Ammonium Nitratea By pas s Bypass 
II-.-....-..__.l.._l____________________ 

Station size,  MVJ (thermal) 
(two reactors) 

Net r l eck ica l  power, Mw (electrical) 
Desalted water, Mgd 
Farm size,  acres  

Investment, n d l i o n s  of do l l a r s  
Nuclear island 
Turbine-generator plant 
Grid t ie 
Evaporator plant 
Industrial complex 
Farm 
Working capital  
Har tor  
Town 
F u r l  inventory 

Totale  

Annual operating costs ,  millions of dollars 
Power and water plant 
Industrial complex 
Farm 

Total  

Annual s a l e s ,  millions of dollars 
F i s s i l e  material 
Grid 
Industrial products' 
Farm products' 

Total  

Iricome minus expenses,  niillions of dollars 

Internal rate of return, %/year 

11,100 

2100 
1000 
320,000 

166 
120 
0 
4 03 
570 
306 

79 
35 
32 
70 

1781 

47 
13.3 
56 

235 

7 
0 

34 7 
1 94 

518 

312 

14.6 

730 

85 

1047 

152 

255 

4 07 

6 08 

353 

16.1 

11,900 

2900 
1000 

320,000 

251 
118 

13 
279 
570 
306 

71 
35 
52 
191 

1876 

1 x  
133 
56 

2 07 

16 
20 

347 
194 

577 

370 

16.5 

10,800 8820 

1935 312 

246 217 
83 20 
0 0 

0 

65 28 
30  
14 

174 141 

1790 1035 

16 21 

52 

2 0s 83 

1.5 11 
0 0 

0 

556 2 05 

351 122 

16.4 10.1 
~~~~~~~~~~~~~~~ _. 

"Only changes in numbers are  l isted; a l l  other numbers are the same a s  l isted under Primary Products. 

bDue to  higher initial s team conditions than obtained with the near-term case ,  more electricity is made; 

'Evaporator operated using some bypass of prime s team to achieve full water output of 1000 Mgd with no 

dOnly sufficient power is generated to operate reactor, evaporator, and farm; 85% steam bypass. 
'Interest charges during construction not included in this  total  but a r e  allowed for in computing the interxidl 

'Import price level used. 

excess  [',1000 Mw (electrical)] is sold to  a grid a t  3 tnills/kwhr. 

excess  (grid) power produced. 

rate of return. 
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point. T h e  i i ~ e  Gf export oi world piice l e v e l s  for 
both the  industrial  and fami products d rc rensed  
the  return by ahout s i x  points.  T a b l e  2.8 suiiina- 
r i ze s  t h e  sens i t iv i ty  ana lys i s  by giving the  arrioiliit 
of change  required in the  pe:tioe.nt c o s t  and in- 
@nine ansimiptions t o  c a u s e  a o n e  percentage  point 
change in the internal rate of return. 
incremental r a t e s  of re turn for th- addition of the 
food factory to nuclear-industrial  complexes  varied 
from 7 t o  15%. 

Finally,  the  

F i v e  coas t a l  deser t  reg ions  around the  ~ d d  
were str~died a s  potential  a r eas  for th- location 
of an  agro-industrial complex. 
in India (Kiitch), southeas te rn  Medlterrzman (Si- 
nai), Baj  a California,  Pe ru  (Sechuraj, and Western 
Australia.  T h e  individual l oca l i t i e s  were s tud ied  
to tesC tile sens i t iv i ty  of t h e  inany assumpt ions  
made in  r d a t i o n  t o  actual conditions ex is t ing  in 
the  world S O  that  t he  breadth of t h e  applicabili ty 
of t he  agro-industrial complex could be estiniaied. 
The  main loca le  parameters inves t iga ted  were 
climate,  soils; topography, phys ica l  resourccs ,  and 
transport fac i l i t i es .  ln geiactal, irrigation; agricul- 
ture on the  scale envisaged  appeared f eas ib l e  a t  
all f ive loca les ,  although m o r e  de ta i led  infoimation 
would b e  required before a rea l i s t ic  evaluation 
could b e  Iliad?. 
market ana lyses  ivou!d be  iequired. 

T h e s e  were loca ted  

Also better resource  s u r v q s  arid 

- 
I abln 2.8. h n s i t i v i t y  ?hnalysis: Changes Required 

t o  Give a Cnc Percen:cgo Point Change 

in the Internal Rute of Return 

for ik,e Far-Term Complex with Grid 
.............................. .................... ___ 

Amount 
of Tncrenrrtit 

(dollars) 

Pcrc enta  ge 

Change in 

Es t1n7 tc 

Nuclear is land c o s t  
Evaporator c o s t  
Industrial  complex cos t  
Farm c o s t  
Operating e x p c n w s  
Sa le s  

Industrial  products 
F a r m  products 

x 1 0 6  

102 
112  
103 

121 
21  

21 
21 

39 
40 

1 9  
40 
10 

6 
11 

There  appeared to bc  many poss ib i l i t i e s  for in- 
dustrial  appl ica t ions  both i n  t he  United S ta tes  and 
ove r seas ,  particiilar:y near la rge  depos i t s  of phos- 
phatc  rock or bauxite. 

.4 preliminary study of implemeiitation piobleins 
as influenced by the  soci.al, po l i t i ca l ,  and ciiltriral 
environment was mode. 
iii t hz  definition of a numher 3 f  potential  problem 
a reas ,  and al.though sottie recomiiiendatioils were 
mad-, no spec i f ic  plan for implementation was  de  
vel op ed. 

T h i s  stu:ly resulted mainly 

?'he m a i n  overall conc lus ions  derived f rom t h i s  
study project m3y be  l i s t ed  a s  follows: 

1. Significant economic idvantages appear pas- 
s ih l c  by coiipliiig a n  industrial  complex with a 
la rge  nwzlear hea t  soiirce as coiilpared with equiva  
lent ( s a m e  prodiicing capac i ty)  d i s p r s e d  smaller 
industry. T h e  advantagcs  are generally greater 
in developing count r ies  than in  th2  United S ta t e s  
but a re  highly sens i t i ve  to t he  product mix se lec ted  
and t o  local conditions which a f fec t  t he  cost sf 
raw materials or other manufactirring c o s t s .  Indus- 
tr ial  complexes based  ori a capac i ty  requiiznient as 
small. 2s  500 M w  (electrical)  in some  circumstaiices 
give internal r a t e s  of return of 10% or inoi;. 

I h e  effect of advances  in nuclear p o w ~ :  tech.- 
nology, that  i s ,  u s e  of breeder reactors,  wcruld 
significantly improve t h e  in te ina l  i a t r  of r e t u r n ,  
In the most striking example, the  case of a pactic- 
ular iiuclr..lr-industrial complex i r i  til= Unltrd 
S ta tes ,  t he  substi tution of R hrerde: reactor for a 
light-water reactor increased  the  ra te  of return 
from 13.1 to  l6.5%, a 25% inc rease  in the  internal 
rate of reinin. 

While th i s  study did not cons ider  nonnuclear 
energy so imts7  there may b e  some s i tua t ions  
where fossil-fuel or hydro soiirces are preferrod, 
In general ,  the  coricept of ax integrated inchistrial 
or ago- indus t r ia l  encrgy center  is not dependent 
on the  type  of energy used, although the  i ikeren t  
charac te r i s t ic  of re la t ive  freedom of location is an 
iinportant advantage for nuclear energy. 

2. T h e  u s e  of coastal desert reg ions  for pro- 
ducing a variety of agricultural p roducts  by irri- 
gation with desa l ted  water  appears technically 
feas ib le  and generally competit ive with food pro- 
duced  on exis t ing  farins. 
expens ive  water is a i  l e a s t  partially of fse t  by the  

. -  

T h e  ex t ra  c o s t  for t he  
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opportunity to conduct  in tens ive  year-round food- 
factory agriculture in  favorable growing c l imates  
with many condi t ions under unusually good con- 
trol. It appears  that  us ing  year-round cropping pat- 
t e rns  t h a t  might b e  employed on ac tua l  farms, t h e  
ca lor ie  requirement for a man c a n  be met using 
l e s s  than 200 gal of water  per  day.  F o r  the  high- 
ca lor ie  cropping pat tern which also s a t i s f i e s  t h e  
minimum protein requirements, suff lc lent  food 
(ZSOO Cal/day) for one  person could be  produced 
for about 3q/day with a n  in i t ia l  investment  of 
about $165 per  person. T h e s e  numbers  a r e  b a s e d  
on the  incremental costs of adding a n  evaporator 
desa l t ing  plant  and  farm to a l a r g e  agro-industrial 
complex. There were also s e v e r a l  nonmonetary 
advantages  identified for s u c h  a food factory lo- 
ca ted  in c o a s t a l  deser t  regions,  for example: (1) 
t h e  reliability of food production IS increased  
s i n c e  more of t h e  production var iab les  would be 
under control; (2) freedom from, i n  many c a s e s ,  
res t r ic t ive t radi t ions or cul tural  p r a c t i c e s  so that  
t h e  economic advantage of la rge-sca le  mechanized 
farming c a n  b e  real ized;  (3 )  the  internal  require- 
ment for a n  on-going agricul tutal  research  program 
could b e  expanded to benefit t h e  country as  a 
whole - t h e  food factory could become a center  
for educat ion,  training, and research to also im- 
prove t h e  convent ional  agriculture; and (4) unused 

of the  fer t i l izer  made i n  t h e  complex but surp lus  
t o  the food factory requirements* could  provide 
the minimum die t  for 60 to 90 million people. T h e  
investment  c o s t  a t t r ibutable  to t h e  required fertili- 
zer  production fac i l i t i es ,  including t h e  appropriate 
portion of t h e  nuclear  power plant  (LWR), would be 
about $7 to $4 per person fed,  and t h e  operating 
cost would b e  0.5 to 0.3$ per person per  day. ’The 
range for the number of persons  fed is based  on the  
range of the  expected i n c r e a s e  in grain yield per 
pound of applied plant  nutrient a s  d i s c u s s e d  i n  
ref. 2 of Chap. 1 and a s s u m e s  some simultaneous 
improvements in production prac t ices .  

3.  Though it appeared that  t h e  above  two con- 
c lus ions  were generally val id  a t  the  f ive  locales 
studied,  a much more de ta i led  a n a l y s i s  of a loca le  
us ing  spec i f ic  loca l  da ta ,  including t h e  prevailing 
f inancial  c o s t s ,  would b e  required before spec i f ic  
implementation of such  a project  could be at- 
tempted. T h i s  would include,  i n  addition to ac tua l  
soil, mineral resource, c l imatological ,  and labor 
surveys ,  a detai led marketing and l o g i s t i c  ana lys i s  
a s  well a s  considerat ion of t h e  many socio-political 
implications. Final ly ,  t h e  a l te rna t ives  which may 
b e  ava i lab le  for achieving s imilar  benef i t s  would 
need to b e  evaluated to e s t a b l i s h  the  b e s t  ap- 
proach for ac tua l  implementation. 

._ 

‘Quantity of protein IS a d r q n a t e  but not t h e  quality 
or “ w a s t e ”  land could  b e  made productive and 
valuable .  o r  t h e  required protern spectnim. 

T h e  food produced in  off-site conventional agri- 
cul ture  which c a n  be  attributed t o  t h e  appl icat ion 

’Up to  55% of the ammonia  and 98% of the phosphorus 
produred would be shipped f rom the complex. 



3.1 Inticduction 

T h e  resul ts  of economic a n a l y s e s  of various in- 
vestment opportunities are highly dependent on the 
ground rules iised in the  evaluat ions.  In ordcr t o  ob- 
tain a valid compaiison among the  al ternat ives  S O  

that intelligent choices  c a n  be made, it is neccs-  
sa ry  to  apply a uniform set of economic ground 
rules. I’he purpose of th i s  s e c t i o n  i s  t o  descr ibe 
the economic models used and t o  def ine the appro- 
priate ruler ,  used in th i s  s tudy.’  

l w o  generalized models were w e d .  In the f i rs t ,  
the  object  w a s  t o  deterrnine t h e  effect of various 
c o s t s  for e lectr ic i ty  and water  on the  c o s t  of pro- 
duction of industrial 2nd agricul tural  products. Elec-  
tricity and water were therefore considered to be  
purchased from outs ide the  complex; the prices of 
the electr ic i ty ,  water ,  and raw mater ia ls  required 
were varied parametrically over ranges se lec ted  to 
include conditions around the  world. 

total  investment, operating c o s t s ,  income, and rate 
of return for integrated nuclear-powered industrial 
and agro-industrial complexes.  Since the  electr ic i ty  
and water required for industr ia l  and agricultural 
products would b e  produced within the  coinplex, the 
c o s t s  of t h e s e  items were not es t imated direct ly ,  
but rather a l l  the  capi ta l  and operating c o s t s  for 
producing these  inputs  were included in  arriving a t  
the total  c o s t s  for operat ing the  overal l  complex 
under c o n s  idera tion. 

a re  a s  follows: 

- 

- 

In the  second model t h e  object  w a s  to est imate  the  

T h e  inain a reas  in which ground rules  a r e  required 

1. C o s t  of money, taxes  
2. Replacement of investment 
3 .  Interest  during construction 
4. Overseas  construction and operat ions 
5. Working capi ta l  
6. R i s k  and inflation 
7. Marketing expense  

In addition, it i s  necessary  t o  e s t a b l i s h  methods for 
performing the economic a n a l y s e s .  

Three general types of economic comparisons a re  
made in  th i s  report: (1) break-even power c o s t ,  com- 
paring the  production c o s t  of a n  electr ic- intensive 
industr ia l  p i m e s s  with that  of a nori-electric-inten- 
s i v e  process;  (2) break-even power c o s t  with the 

‘A more complete  explana t ion  and  worked examples are 
given in Appcndix 3A. 

sales price for industr ia l  complexes;  and (3) internal 
rate of r e t u m 2  T h e  break-even power c o s t  compari- 
s o n s  are performed by increas ing  the  price of elec- 
tricity until the maniifacturing c o s t  of the elect i ic-  
intensive process  equals  t h e  manufacturing c o s t  for 
the competing process  or, i n  item 2 ,  equals  the 
s a l e s  price of the  products. Chapter  5, “Industrial 
P r o c e s s e s , ”  u s e s  thc  f i rs t  two methods in com- 
paring individual p r o c e s s e s  and industr ia l  complexes 
producing various product mixes. T h e  internal rate 
of return is the cost of money at which a particular 
project wil l  jus t  break e v e n ,  tha t  i s ,  the present 
value of expenses ,  including all  c a p i t a l  charges ,  
will jus t  equal  the present  value of income from sale 
of products. T h i s  parameter is used  in the  evzlua- 
tioil of the  relat ive merits of nuclear  industr ia l  and 
nucleai- agro-industrial complexes i n  Chap. 7 .  T h i s  
method is a l s o  used t o  eva lua te  the  three f a r m  s y s -  
tems as  a function of water  c o s t  in  Chap. 6 
and t o  compare nominal 500, 1000, and 2000 
Mw(electrica1) industr ia l  complexes as a function 
of power cost i n  Chap. 5. 

Ordinarily, power plants  and pnblic ut i l i t ies  in  
general a r e  e v a l i ~ t ~ d  at lower fixed charge ra tes  
than industry. T h i s  is primaiily b e c a u s e  the risk 
factor assoc ia ted  with u t i l i t i es  is lower, s i n c e  the 
products they sell have a s s u r e d  markets, However, 
in th i s  report, to  simplify the  economic evaluat ion 
of complexes; the r isk factor w a s  assumed t o  be  thc 
same for a l l  components of a complex. ’This might 
tend t o  penal ize  the  nuclear  power s ta t ion  and water 
plant somewhat from the s tandpoint  of their opera- 
tion a s  a public utility. IIowcver,  in the context of 
this  report, the  power and water  plants  a r e  con- 
s idered to be close-coupled t o  t h e  industr ia l  plants 
and farrii arid thus factors  m o r e  i n  l ine with those  of 
industry should probably be considered.  The  r isk 
assoc ia ted  with farm production is usual ly  very de  - 
pendent on cl imatological  condi t ions.  Complete de- 
pndence  on irrigation for water  probably frees the 
farm of a n  agro-industrial complex from the  greatest  
portion of i t s  uncertainty, namely, rainfall. Under 
t h e s e  conditions it is more reasonable  t o  assume the 
same r isk factors  for industry and agriculture. 

T h e  industrial and farm products produced by the  
nuclear-powered complexes examined i n  t h i s  report 
were intended ei ther  t o  feed people  or rcstzlt in in- 
c reased  food production and in  general  t o  improve 

*R. J. R e u l ,  Chen?. En&. 9, 212  (1968) I 
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the economic viability of a nation. With these  pur- 
p o s e s  in  mind, primary emphas is  w a s  placed on the  
production of bas ic  fer t i l izer  chemica ls  like ammonia 
and phosphorus and s t a p l e  Foods s u c h  as  wheat and 
beans.  Other b a s i c  industr ia l  products considered 
were aluminum, c a u s t i c ,  and chlor ine.  Some high- 
value farm products s u c h  a s  cot ton,  t o m a t m s ,  and 
oranges were considered;  however, the acreages  
al lot ted to their production were severe ly  limited. 

3.2 Cost  of Money 

To cover  most s i tua t ions  that  one might encounter 
in t h e  rea l  world, t h e  c o s t  o f  money is varied in 
th i s  s tudy  over a range of 2.5 t o  20%. Here, the  
c o s t  of money is real ly  a composi te  of two diftererit 
factors :  the going in te rcs t  rate on borrowed money 
and t h e  expected return on equi ty  capi ta l ,  both c o m -  
puted on the  basis of a debt /equi ty  ratio. 

Another s imilar  term which is used  qui te  generally 
in the  literature is the “f ixed charge rate.” T h l s  
ra te  usually contains  a l lowances  for the c o s t  of 
borrowed money, s t o c k  dividends and bond interest ,  
depreciat ion (end-of-life replacement)  , federal ,  
s t a t e ,  and local t a x e s ,  and insurance.  In the  con- 
text of th i s  report, a l lowances  have been  separa te ly  
provided for depreciat ion (in the  form of a sinking- 
fund allowance) and nuclear  l iabi l i ty  insurance. 
Since t a x e s  on income a r e  a variable  item throughout 
the  world, they were not included in the  economic 
a n a l y s e s ,  and thus  all returns a r e  on  a pre-tax bas is .  
In the  United S ta tes  the  e f fec t  of federal  income 
taxes  on overall complex economics may be e s t i -  

mated by assuming that  t h e  after-tax return is 58% 
of the  pre-tax return on i i ~ v e s t m e n t , ~  where the  
latter is defined as s a l e s  minus operating c o s t s  
(including depreciat ion) .  

T h e  tab les  l i s t ing  de ta i led  economic ana lyses  of 
nuclear-industrial and agro-industrial complexes in 
Chap, 7 contain d a t a  l is ted as  “ n e t  annual  benefits” 
at four c o s t s  of money: 2.5, 5, 10,  and 20%. T h e s e  
may be  regarded as  “profit,” s i n c e  they are the  
funds remaining af te r  a l l  e x p e n s e s  have been paid. 
Here expenses  include operating c o s t s ,  sinking-fund 
al lowance on to ta l  plant c o s t  (including interest  
charges  during construct ion a t  the  l i s ted  c o s t  of 
money), and the c o s t  of the  to ta l  investment (some- 
times cal led return on investment ,  ROI) , all  com- 
puted s t  their present  va lues .  T h u s ,  to convert the 
economic da ta  t o  a s imple return on investment, as 
listed in  many f inancial  a n a l y s e s ,  one may choose 
the net annual  benefi t  corresponding t o  the  desired 
c o s t  of money and to th i s  add t h e  product of c o s t  of 
money a s  a decimal  f ract ion and to ta l  investment in- 
c luding interest  during construct ion (usual ly  l is ted 
in  footnotes on t a b l e s ) ,  and then divide by the to ta l  
investment. Expenses  now include only operating 
c o s t s  and depreciation i n  the  f o r m  of the sinking- 
fund allowance. 

the tabulated data  for complexes because  of the 
varying lifetimes assumed for different [parts of the  
complex. Table  3.1 i l lus t ra tes  the  effect of the 

Specif ic  depreciat ion a l lowances  a r e  not listed in  

3 ~ a s e d  upon a n  a n a l y s i s  of tiie 1567 f inanc ia l  perform- 
ance  of 35  chemica l  and  al l ied indus t r ies  reported in 
Chemical and Engineering News (May 13, 1968). 

T a b l e  3.1. Tota l  Fixed Charge Rotes for Several Costs of Money ond Assumed 

Lifetimes of 15 and 30 Years 
I 

Sinking Fund Factor”  

v70 /Year)  

T o t a l  F u t e d  Charge Kate  

(X /Y car)  
-_l-.l___ 

Cost  of Money 
(%/Year)  

15-Year Life 30-Year Life 15-Year Life 3 0 - Y e ~ r  h f e  
__l-l_l_ll____.__l 

2.5 5.6 2.3 8.1 4.8 

7 4.6 1 .s 9.6 6 . 5  

10 3.1 0.6 13.1 10.6 

2 0  1.1 u.l 21.4 20.1 

I lll.__._.__..-.------ 

aAssuming no s a l v a g e  value. 
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sinking-fund al lowance a t  s e v e r a l  c o s t s  of money on 
the to ta l  annual fixed charge rate. T h e  effect of 
different plant or equipment lifetime is shown using 
assumed l ives  of 15 and 30 y r a r s .  
factor showri i n  the tab le  a s s u m e s  a sa lvage  value 
of zero. Illowever, in the  economic a n a l y s e s  shown 
in Chap.  7 ,  some s a l v a g e  w a s  assumed for most of 
the i tems,  as shown in Table  313.3 of Appendix 3A. 
Note that the sinking-fund factor exer t s  a smaller 
effect  a t  the higher c o s t  of money. T h e  ienson for 
this  i s  that moie money is accumulated annually a t  
the higher  interest ra te ,  so that  the deposi t  factor is 
decreased.  

T h e  sinkirlg-fuiid 

3.3 RepIwcer,:ewt of Investment 

Recovery or replacement of invesiiiient i s  a very 
broad term which conveys  different meanings in dif- 
ferent contexts ;  however, it  d o e s  not mean that 
equipment or a plant wil l  be dupl icated a t  the end of 
i t s  l i fe”  A broader understanding i e s n l t s  if one con- 
s i d e r s  that replacement is synonymous with d is -  
placement. Replacement then means that  the present 
plant or piece of equipmerit wil l  be displaced by a 
more economic one due t o  the  beneficial  resmlts of 
continuing research and development p i o g r a i ~ ~ .  

3.3.1 Depreciotion 

In the  value s e n s e ,  depieciat ion refers to the loss 
caused  by deterioration and obsolesence .  However, 
in the accounting sense it refers t o  wiiting off 
unamortized cost over the  iisefiil lifetime of the 
equipment. ‘The accountant  prorates the c o s t  of a n  
a s s e t  ( l e s s  any est imated s a l v a g e  value when d is -  
posed of) aga ins t  e a c h  year’s earnings,  and h i s  
mathematical model of dis t r ibut ion determines the 
effect of depreciation on e a c h  year’s  profits. The  
followirrg i s  a l is t  of some of the  depreciation 
formulas in use:4 

1. st ia ight  line: gives  uniform depreciat ion,  

2. sum-of-the-years digi ts :  rapid depreciation in  
ear ly  years ,  

3. double-rate decl ining balance:  rapid deprecia- 
tion in early years ,  

4. s inking fund: rapid depreciat ion in  la te  years. 

4G. A. Taylor ,  Managerial  and Engineering Economy, 
D. Van Nos t i and  Company ,  Inc. ,  1964. 

All economic a n a l y s e s  in th i s  report were aaalyzed 
using the sinking-fund formula, 

I 
SFDk - I 

( l + Z ) R .  1 

where 

SFDF .: sinking fund depos i t  factor ,  
i 
n = investment lifetime (years ) .  

c o s t  of money a s  a n  annual  interest  rate, 

Gross  manufacturing c o s t s  for industr ia l  “building 
block” processes  and  industr ia l  complexes (without 
a nuclear power source)  a s  rrpoi ted in Chap. 5 were 
computed assuming that  the  s a l v a g e  value of the in- 
vestment w a s  zero. T h 2  economic ana lyses  of the 
farm (Chap. 6 )  and the  nuclear  industr ia l  and nu- 
c lear  ago- indus t r ia l  complexes (Chap. 7 ) were 
ca lcu la ted  assuming s a l v a g e  va lues  as  descr ibed 
in Table  3A.3, Appendix 3A. 

3.3.2 Service Life and I n te r im  Rep8acemcnt 

T h e  serv ice  life assumed for a l l  industr ia l  plants 
w a s  a uniform 15 years .  T h i s  i s  conservat ive for a n  
aluniirium plant; however, for most of the other in- 
dus t r ia l  p rocesses ,  it  appears  to be  qui te  reason- 
able .  Other assumed s e r v i c e  l i v e s  a r e  l i s ted  i n  
T a b l e  3A.3, Appendix 3‘4. 

Interim replaceirient pa i t s  for reactors  and evapo- 
rators were calculated by determining the fraction of 
the investment represented by equipment having a 
shorter lifetime (15 years )  than the overall plant 
(30 years ) .  The  sinking-fund factor  w a s  then com- 
puted on this  b a s i s ,  and monies  were accumulated 
to  take care  of interim replacement .  

3.4  Interest During Construction 

In t h e  economic appraisal  of proposals ,  the 
concept  of a construct ion period is arbitrary. All 
net  receipts  c a n  be  discounted to  the in i t ia l  year of 
constriiction of the  project or t o  the  ini t ia l  year i n  
which income is received or t o  a n y  othcr year [ Eq 
(5), Appendix 3A]. T h e  d a t e  of “ini t ia l  operation” 
was chosen ,  for the purpose of economic appra isa l ,  
to  coi-respond t o  the  in i t ia l  flow of income and not 
the d a t e  for startlip of operation. 

In th i s  s tudy,  investment ,  income, and operating 
expenses  a r e  311 considered end-of-year t ransact ions.  
If various t ransact ions a r e  dis t r ibuted throughout a 
yeas in  the same maliner (e.g., weekly or monthly), 
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their sums would be  t rans la ted  to equivalent  end-of- 
year amounts by a factor  which depends  only on the  
interest  rate and t h e  manner i n  which t ransact ions 
a r e  distributed. For s u c h  a c a s e ,  t h e  same factor 
multiplies a l l  en t r ies  and b a l a n c e s  out completely 
in  the  comparison of a l te rna t ive  proposals .  

Income for the  f i rs t  year  w a s  taken  the same as 
for subsequent  years ,  except  in  the  s p e c i a l  case of 
delayed returns a s s o c i a t e d  with s p e c i f i c  items. 
When a project s t a r t s  up, there  wi l l  be  de lays  in  the 
ini t ia l  flow of income b e c a u s e  of the  t i m e  required 
t o  produce and market t h e  f i r s t  s e t  of goods. Pro- 
duct ion fac i l i t i es  that  a r e  re la t ively far from their 
markets wil l  probably exper ience  a somewhat 
greater de lay  than others .  F o r  t h e  purpose o€ th i s  
a n a l y s i s ,  th i s  de lay  w a s  not expl ic i t ly  incorporated 
into t h e  construction period I but s o m e  al lowance 
may be assumed to  have been included. 

y s e s  d i s c u s s e d  in th i s  report are l i s t e d  in  T a b l e  
3A.3 of Appendix 3A. In general ,  construct ion 
periods for non-United S t a t e s  locat ions a re  as- 
sumed to  b e  one year  longer  than for their  counter- 
par ts  in the  United States .  

A more complete  d i s c u s s i o n  of t h e  computation 
of in te res t  during construct ion is contained i n  
Appendix 3A; T a b l e  3A.2 in  t h i s  appendix conta ins  
factors  for ca lcu la t ing  in te res t  charges  for var ious 
construct ion per iods and in te res t  rates. 

Construct ion per iods assumed for economic anal-  

3.5 Overseas Construction and Operations 

T h e  effect  of locat ion w a s  considered in  rational- 
iz ing c o s t s  lor th i s  s tudy .  Only very limited infor- 
mation is avai lable  on reactor  power s ta t ion  costs 
for construction outs ide  t h e  United S t a t e s ,  e s p e -  
c ia l ly  i n  developing countr ies ;  s u c h  information a s  
is avai lable  is for s y s t e m s  of rather s m a l l  capac i ty  
and hence  high unit costs. Consequent ly ,  e s t i m a -  
tion of overseas  costs had to be  b a s e d  on United 
S ta tes  es t imates .  

Due t o  the advanced technologies  involved, nu- 
c lear  power s ta t ions  constructed in developing 
countr ies  wil l  probably be  based  on  non-indigenous 
des ign  and fabrication of t h e  pr incipal  reactor and 
turbogenerator components ,  a l though much of the  
erect ion and ins ta l la t ion  ;is w e l l  a s  many s m a l l  
components may be provided local ly .  T h e  heavy 
equipment to be imported wi l t  c o s t  more in  the de-  
veloping country than in  the  United S t a t e s  (or other 
supplying country) b e c a u s e  of transportation costs. 

However, those i tems suppl ied  indigenously may 
well c o s t  less than i n  the  United S ta tes  due  t o  lower 
labor costs. 

To faci l i ta te  adaptat ion of United S t a t e s  c o s t  e s t i -  
mates  t o  overseas  appl ica t ions ,  a review w a s  made 
of t h e  individual c o s t  items i n  c o s t  es t imates  for 
severa l  power s t a t i o n s ,  and all  c o s t s  were separated 
into the  two ca tegor ies  of “imported” and “indige- 
nous” (from the  point of view of a developing area)  
according to the nature of I.he item. T h e  b a s i s  
s e l e c t e d  for deciding a probable source  of supply 
was  the st.ate of industr ia l izat ion of countr ies  like 
India, the  Phi l ippines ,  and Is rae l .  Information Erom 
two sources  where comparative c o s t s  had been 
presented on a s imilar  b a s i s  for tion-United S ta tes  
nuclear power s t a t i o n s  w a s  also 

T h e  cost assignment  s t u d i e s  resul ted in  the ex-  
pected indigenous components  of c o s t  ranging from 
about  32 io 50% of the  to ta l  United S ta tes  es t imate .  
T h e  Indian survey ’ h a s  es t imated  that  for fossi l -  
fueled s t a t i o n s ,  the  indigenous component for Indian 
condi t ions would be  33% in the  1967-71 period and 
50% in 1971-76; t h e  s a m e  report es t imates  that  the 
indigenous component for nuclear  plants  (heavy- 
water reactors) should be  43% in 1965-71, r is ing t o  
58% in 1971-76. Consider ing t h e  range of va lues  
obtained in th i s  s tudy ,  the  c a p i t a l  c o s t s  (not iri- 
c luding interest  during construct ion)  for United 
S ta tes  construction were multiplied by 0.60 t o  ob- 
ta in  the imported component, which might be sub-  
jec t  t o  transportation fac tors  and payment in  “hard” 
currencies ,  arid by 0.40 to obtain the  indigenous 
component, which might require modification to cor- 
rect  for u s e  of loca l  labor and currency. 

In t h i s  s tudy t h e  c a p i t a l  costs of nuclear  power 
s ta t ions  were est imated by assuming that  the c o s t  
of the  imported components of t h e  s t a t i o n s  would be 
1.2 times the United S ta tes  c o s t  for that  portion of 
the plant, while the indigenous portion would 
(conservatively) c o s t  the  s a m e  a s  in  the  U.S. T h i s  
implied that the est imated c a p i t a l  c o s t s  for nuclear 
power s ta t ions  to be built ou ts ide  the United S ta tes  
would be  12% greater than t o t a l  c o s t s  in  the United 
S ta tes  (1.12 = 0.6 x 1.2 t 0.4 x 1 ) .  

’ Preinvestrnent Study o m  P o w ~ r ,  Including Power  in 
Luzon Republzc of the Phi l ippines ,  Genera l  Report, 
UNDP and IAEA Publication, chap. VI  (Novrmber 1965). 

‘Kodolfv C. Sun, Extmpolat iori  of Cost D a b  from the 
Industrinlizpd to  Developing Countries, Manila E l e c t r i c  
Company. 

‘Report  of India Energy  Scitvt-y of India Coininittee, 
Goverriment of India,  New Delhi,  India (1 965). 
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All  industrial and farm c o s t  da ta  for this  report 
were obtained from United S ta tes  manufactureis and 
vendors. To es t imate  t h e s e  c o s t s  in non-United 
Statex coiintries United S ta tes  c o s t s  were extrapo- 
lated by separat ing the to ta l  investinent into a n  im- 
ported portion and a n  indigenous portion. It was  a s -  
suiiled that the imported portion would come from the 
United S ta tes ,  and thus  addi t ional  transportation and 
handling charges would be  incurred. However, it 
should be realized that  many components might be 
avai lable  on the world market, probably a t  lower 
prices than comparable United S ta tes  equipiLient. 
T h i s  introduced a factor of conservat ism in our 
es t imates  of industrial and farm components. The 
indigenous portion of the  investment  would contain 
expenditures for labor and mater ia ls  that  usually 
would be l e s s  than in  the  United S ta tes .  Here 
aga in ,  a conservat ive factor  w a s  introduced, s i n c e  
the assumption for th i s  s tudy w a s  that  the c o s t s  of 
indigenous components were the  s a m e  as  United 
S ta tes  c o s t s .  T h u s ,  c o s t s  for non-United S ta tes  lo- 
cat ion were computed as  the United S t a t e s  capi ta l  
investment multiplied by the sum of two products, 

P ’ - P [ 1 . 2 0 A + 1 . 0 ( 1  - A ) ]  , (2) 

where 

P’ = capi ta l  investment for non-United S ta tes  
location, 

P - capi ta l  investment for United S ta tes  location, 

P, = imported fraction of investment .  

Various fract ions of industr ia l  p lan ts  w, a r e  as -  
sumed as imported i tems ,  depending upon t h e  prod- 
uct  manufactured. T a b l e  3.2 conta ins  a l i s t ing  of 
the indigenous fractions assumed.  However, for the 
f a r m ,  R tiniform fraction of 0.5 w a s  assumed.  T h i s  
resulted i n  a n  overal l  10% increase  i n  the cost of 
the f a r m  over i t s  counterpart in the United States .  

Other economic fac tors  tha t  milst be considered in  
the operation of a non-lJnited S t a t e s  complex are the 
c o s t  of lahor, the pr ice  and avai labi l i ty  of raw Lila- 
te r ia l s ,  and the assiimed price leve ls  for products. 
With regard to industr ia l  labor  c o s t s ,  $4.00 per inan- 
hour was assumed for the  IJnitnd S t a t e s ,  whereas  
67$ /man-hour was used for noli-United S ta tes  loca- 
t ions.  However, the  eff ic iency of non-United S ta tes  
labor w a s  assumcd t o  be one-third of that  of United 
S ta tes  workers, and thus overal l  labor c o s t s  for 
industr ia l  p rocesses  were one-half of their United 
S ta tes  counterparts. 

Farm labor in the United S ta tes  i s  traditionally 
paid l e s s  than industrial labor. An average wage 
paid for farm labor in the IJnited S ta tes  w a s  as- 
sumed t o  be $1.50 per man-hour, and,  maintaining 
the rat io  of 1 /6  (67/40Q), non-United S ta tes  farm 
wages were  assumed t o  be  25q/man-hour. T h e s e  
wages  a re  qui te  low by American s tandards ;  how- 
ever ,  in  India, farm labor i s  currently paid a t  the 
rate of ahoiit 30q/day .  

Raw material pr ices  depend upon avai labi l i ty  and 
location with respec t  t o  the  complex. Raw materials 
which are not indigenous a r e  priced higher because 
of transportation c o s t s .  T a b l e  5.9 conta ins  the raw 
material pricc assumptions used i n  th i s  study for 
United S ta tes  and non-United S t a t e s  locations. 

The level  a t  which product pr ices  a re  s e t  i s  
probably the most important s ing le  factor in de te r -  
mining the ultimate ecoiiomic viabi l i ty  of any enter-  
prise. Sa les  pr ices  for the var ious products were 
fixed €or th i s  s tudy af ter  consul ta t ion with people 
in industry and various l i terature  references.  The 
prices l is ted in T a b l e s  5.9 and 5.7 represent  t h e  
best  es t imates  of f.0.b. point of origin pr ices  for 
the various commodities. Two leve ls  of pr ices  
were chosen i n  the economic eva lua t ions ,  a n  
( 6  export” price and a n  “import” price. Export 
prices were generally c h o s e n  so as  t o  compete on 
the world market, whereas  import pr ices  represent 
valiic t o  a developing country as a replacement for 

Toblc  3.2. Estimated Indigenous %ructions of the 

Inv-stnent  Costs  for Industrial Plants 
. . . . . . . . . . .. . . .. . .. . -. . .. . . . . . 

P l a n t  Indigenous Frac t ion  

Ammonia 

Phosphorus 

Alumjnum 

Extraction 
Srm Xing 

Fabr ica t ion  

Urea  

Nitric a c i d  

Nitric phosphate 

Chlorine-caustic 

Caustic concentrator 
- .___ ~ 

0.?0 

0.50 

0.80 
0.60 
0.60 

0.2 7 

0.70 

0.70 

0.40 

0.60 
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a n  imported product. In general ,  t h e  import price is 
about 30% higher than  the  export pr ice ,  and t h i s  in- 
c r e a s e  represents  transportation and handling c o s t s .  

large-scale  production of fe r t i l i zer ,  chemica ls ,  and 
metals  on the s e l l i n g  pr ices  of t h e s e  products w a s  
not within the s c o p e  of th i s  s tudy.  However, t h e  
need for a market survey w a s  recognized as one of 
the  most important i tems to cons ider  rn future 
s t u d i e s  of s p e c i h c  s i t e s .  

'Table 3.3  i l lus t ra tes  the relat ive e f fec t  of maxi- 
mum production of the  b a s i c  chemica ls  from a com- 
plex on world, United S t a t e s ,  and Indian markets. 
T h e  effect  of large production of ammonia and 
phosphorus on United S t a t e s  markets should not be  
ignored, espec ia l ly  with the  present  oversupply of 
nitrogen in the United S ta tes .  With India serving as 
a n  example of a n  underdeveloped nation, it is 
readily evident  that  t h e  assumed production figures 
a re  qui te  large; however, the  ant ic ipated demands 
a r e  tnuch greater than e s t i m a t e s  of future production, 
and thus  t h e s e  products (espec ia l ly  fertilizer) 
should be e a s i l y  absorbed by t h e  economy. Con- 
s ider ing  that  t h e  time period envis ioned  for com- 
plexes containing maximum-size plants  is a t  l e a s t  
ten years  in the future, market perturbations i n  the 
United States should be  minimal. The effect  of th i s  
production on t h e  economy of a developing nation 
might be  gigantic, possibly resu l t ing  in  a general 
improvement in  the l iving s tandards  of the  country. 

An examination of the e f fec t  of concentrated 

3.6 Working C a p i t a l  

For a l l  evaluat ions of gross manutact w i n g  c o s t s  
or economic a n a l y s e s  oi  complexes wherc the costs 
of power, water ,  and s t e a m  were used (Chaps.  5 and 
61, working capi ta l  w a s  ca lcu la ted  as  the value of 
60 days '  production a t  gross manufacturing c:o~t. 
F o r  economic a n a l y s e s  of nuclear  industr ia l  and nu- 
c lear  ago- indus t r ia l  complexes where internal  c o s t s  
were not a l located,  working c a p i t a l  w a s  computed 
as the value a s s o c i a t e d  with four mctnths' operating 
costs for the en t i re  complex. 

3.7 R isk  and inf lat ion 

T h e  usual method of incorporating r isk al lowances 
into a n  economic a n a l y s i s  involves  probability e s t i -  
mations for different t y p e s  of d i s a s t e r s .  T h e  proba- 
bility of natural d i s a s t e r s  usual ly  may be  predicted 
on the  b a s i s  of insurance ra tes ;  however, losses 
related t o  equipment or other production-oriented 
problems a r e  qui te  specific and must be individually 
analyzed.  The  t o t a l  c o s t  of a n y  d i s a s t e r  must be 
weighed aga ins t  the  annual  cost oE preventive m e a s -  
ures  needed t o  protect a g a i n s t  it and the choice 
made on the b a s i s  oE relat ive c o s t s .  Since very few 
investments  a r e  completely free of r i sk ,  t h e  return 
(or in te tes t  rate) expec ted  on venture capi ta l  1s 
proportional t o  the  r i s k  involved. 

T a b l e  3.3. Maximum Complex Production a s  Percent  of T o t a l  Production 

Percent of Tota 1 Production Maximum Assumed 
Product Production 1967 1975 - 

World U.S. India World U.S. India ( tons /year) 

Ammonia 

Aluminum 

Caustic soda 

Chlorine 

Phosphorus" 

x l o 6  

1.07 4.5 2 0  170 1.7 1 1  33 

0.25 3 6.3 2 00 2 4 5 1  

0.78 4 10.3 2 88 2.4 6.8 130  

0.69 4 9.4 278 2.4 6.3 1 2 5  

1.17 7 2 8  5 3 0  4.5 21 138 
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In comparing the relat ive economic benefi ts  of 
a l ternate  investment opportuni t ies ,  the  c o s t  of 
money may be adjusted to account  for any  differ- 
e n c e ~  i n  risk. For  example,  locat ion in  a iemote 
area may dictate  the  use  of a higher c o s t  of money 
s i n c e  any  unforeseen occurrence may be more  cost ly  
in terms of lost  production b e c a u s e  of the  time and 
difficulty involved if s p e c i a l i s t s  or s p e s i a l  pzrts 
a re  required t o  be brought in. Since i t  is a general 
s tudy,  th i s  report d o e s  not a t tempt  t o  quantify the 
various risks which inherent ly  would b e  present for 
enterpr ises  a s  large as those  d i s c u s s e d .  However, 
s t u d i e s  of specific locat ions should be cognizant of 
t h e s e  factors  in  their economic appra isa l s .  

Obsolescence of equipment  and technology repre- 
s e n t s  one element of risk. A s  a judgment factor, 
the serv ice  l ives  for the  components of complexes 
d iscussed  i n  th i s  report were chosen  t o  reflect pos- 
s i b l e  obsolescence and unforeseen contingencies. 
P, complete l i s t i n g  of the  assumed serv ice  l i v e s  is 
included in  T a b i e  3A.3 of Appendix 3A. A spec i f ic  
a l lowance for r isk is provided for the  nuclear reactor 
with the inclusion of l iabi l i ty  insurance in  all  
economic ana lyses  a s  d i s c u s s e d  in Chap. 4 and 
Appendix 4A. 

Inflation rimy be  defined a s  the uniform increase  
with time in real  c o s t s  and their  equivalent  in terms 
of the goods and s e r v i c e s  they wil l  buy. If con- 
s t ruct ion c o s t s ,  operating c o s t s ,  and income inf la te  
uniformly and if the  c o s t s  for alternativ, ps are ex- 
pressed in terms of the  purchasing power of today’s 
dollar, the  effect  of inf la t ion on the economic analy-  
ses may be ignored. T h e  assumption of uniform 
inflation w a s  made for t h i s  report, and c o s t  and 
price da ta  viere based  on mid-1967 leve ls .  

3.8 Marketing Expense 

No al lowances a i e  provided for marketing expenses  
in any of t.he economic a n a l y s e s  d i s c u s s e d  in  the  re- 
port. Normally, t h e s e  e x p e n s e s  are passed  on to  t h e  
consumer in any case. T h e  consumer, in the context  
of this s tudy,  is generally assumed t o  be a second- 
ary manufacturing industry, s i n c e  i n  most cases the 
products of the complex would be further processed 
before reaching individual consumers .  

3.9 Methods Used for the Esonarn;c Analysis  of a 
N u c I e a I -  Pow r e d Ca rn p I ex 

T h e  nuclear industr ia l  complexes considered in 
th i s  s tudy cons is t  of the  power plant and the in- 

dus t r ies  which ut i l ize  the power produced. Nuclear 
agro-industrial complexes include,  in addition, a 
seawater  desal inat ion plant and a n  irrigated farm. 
T h e  most equi table  method of evaluat ion is t h e  tabu-  
lation of capi ta l  investments ,  annual  operat ing c o s t s ,  
and annual. income frorii the  sale of products .  It 
exc ludes  internal t ransact ions s u c h  a s  the  
sale and purchase within the complex of e lec t r ic  
power, s team,  and desa l ted  water  or other by- 
products. T h i s  avoids  t h e  problem of how t o  
a l loca te  t o  e lec t r ic  power and t o  water  the  c o s t  of 
a dual-purpose reactor producing both products. 

The  accuracy of the  a n a l y s i s  depends  primarily 
on the  c o s t  and income es t imates .  In a n  atteinpt t o  
include all c o s t s ,  care w a s  taken  t o  include faci l i -  
t i es  s u c h  as  a harbor, public u t i l i t i es ,  and ini t ia l  
housing for the workers and their  famil ies  and for 
servicc-industry personnel. Income w a s  calculated 
from the sale of products a t  es t imated  pr ices  which 
exclude c o s t  of t ransportat ion from the complex. 
The  exception w a s  for  those  examples  i n  which 
electr ic  power capac i iy  w a s  included not only for 
the needs  of the complex but a l s o  for transmission 
and s a l e  t o  other comrriuinities. T h i s  power was 
priced a t  i t s  marginal production c o s t  (including 
t ransmission c o s t ) ,  which would usual ly  be  con- 
s iderably less than the c o s t  of power f r o m  al ternat ive 
smaller-sized local  power plants .  T h e  possibility 
of providing such  power is a potent ia l  benefit which 
depends on the c o s t s  and locat ion of a l ternat ive 
suppl ies  and which c a n  be appra ised  a t  the time a 
complex is considered for a s p e c i f i c  s i te .  

3.10 Internal of Refurn and t h e  Discounted 
Q V e r Q I I  Return 

Nuclear  industrial and nuclear  agro-industrial c o m -  
p lexes  were evaluated and compared by eva lua t ing  
thcir  internal  ra tes  of retuin. 

The internal ra te  of return is the  equivalent leve l  
average annual  earning rate  of funds in  use  and may 
be specif ical ly  defined as “ the  interest  ra te  a t  
which a sum of money, e q u a l  t o  tha t  invested i n  the  
proposed project, would h a v e  t o  b e  inves ted  i n  a n  
annuity fund i n  order for tha t  fund t o  be  ab le  t o  
make payments equal  t o ,  and a t  the  same time as ,  
the receipts  from the  proposed investment.” It is 
computed by finding the intexest ra te  at which th2 

‘Transportation c o s t s  were  included in  one c o m p r a t i v e  
example; see  chap. 5. 
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s u m  of the present  worth of rece ip ts  exac t ly  equals  
the  sum of the present  worth of all expenditures. 
Solution is by  means  of a n  i te ra t ive  procedure de- 
sc r ibed  in  Appendix 3A. Other n a m e s  applied to 
the internal  ra te  of returri include true ra te  of 
return, discounted c a s h  flow, and profitability 

is  t h a t  it  avoids  s t ipulat ing a n  in te res t  rate. 
111 choosing between s e v e r a l  investment  oppor- 

tuni t ies ,  it  should be remembered that  the  alterna- 
t ive with t h e  grea tes t  ra te  of return may not have 
the greatest  overal l  return, properly defined a s  the  

T h e  advantage of t h i s  method of a n a l y s i s  

%. J. Red, Chem. Eng. 9 ,  21 2 (1 9h8) ,  

income over the life of the  project  less all ex-  
penses, including Investment, discounted to i t s  
present  worth through t h e  u s e  of the 3ppropriate 
interest  rate. T h e  overal l  return, in  mi l l i ons  of 
dol lars  per year,  was ca lcu la ted  for various interest  
ra tes  and l i s ted  as net  annual  benef i t s  i n  Chap. 7. 
Choice of in te ies t  rate depends  on the  spec i f ic  
s i tuat ion.  T h e  appropriate choice  should a s s u r e  
that  more at t ract ive investment  opportunities would 
not be precluded because  oE Lack of investment 
funds. Numerical eva lua t ions  of  overal l  return for 
some examples  of nuclear-powered complexes are 
presented in  Chap. 7. A deta i led  mathematical de- 
velopment of the  procedure used  for calculat ing the 
internal  ra te  of return is grven in Appendix 3A. 



4. RAT10NAbE FOR ESTIMATES OF POWER AND WATER COSTS 

T h e  pr incipal  just i fying and motivating factors  
leading to  t h i s  s tudy are  the low c o s t s  which have  
recently been est imated for e lectr ic i ty  and desa l ted  
water pioduced using nuclear reactors  now under 
construct ion or  development. A s  evidenced by the  
number of reactor plants  now in operat ion,  under 
construct ion,  or on order i n  the  United S ta tes  a lone  
(43,000,000 kw in l a t e  1967), nuclear  power h a s  
become competitive with foss i l  fuels  urider inany 
conditions. Depending on plant s i z e  and f inancing 
charges,  e lectr ic i ty  production c o s t s  for nuclear  
s ta t ions  i n  the range of 2.4 to  4 mills/kwhr have  
recently been announced for plants  under construc- 
tion in  1967. p 3  Further, es t imates  for larger  and 
more advanced reactor sys tems,  including the  
breeder reactors  now being developed, s u g g e s t  that  
power c o s t s  may eventually b e  a factor of about 2 
l e s s  than the  est imated c o s t s  from the  current 
generation of nuclear power plants. 
c o s t  of producing desal ted water from the  oceans ,  
recent  e s t i m a t e s  of the e f fec ts  of developments  i n  
desa l t ing  technology now under invest igat ion,  when 
coupled with advanced reactors ,  ind ica te  tha t  for 
large p lan ts  desa l ted  water c o s t s  of froin lot$ to  

Regarding the 

s tudied parametrically over reasonable  ianges  
purpose of t h i s  sec t ion  of the report is t o  present  
a cons is ten t  rationale for 

1. just i fying the ranges of powei and water  c o s t s  
considered,  

2. def ining those  combinations of s i z e ,  tech- 
nology, and economic condi t ions under which 
any of t h e  s e l r c t e d  c o s t s  might b e  expected to  
be  real ized,  and 

3. es t imat ing  capi ta l  and operating c o s t s  for u s e  
i n  the economic evaluation of nuclear-powered 
agro-industrial complexes. 

T h e  

4-1 fuctors Cansidered in Est imat ing 
Powar C o s t s  

‘The principal factors  which a f fec t  the c o s t  of 
producing s team and electr ic i ty  from nuclear  en- 
ergy are: 

1. technology .- reactor type, type of reactor  fuel 
cyc le ,  s t a t u s  of system development, and tnr- 
bine sys tem employed; 

2. s i z e  ... total  energy produced and number of re- 
ac tors  per  s ta t ion;  

3.  place  of construction - c o s t  different ia ls  for 
non-United S ta tes  construction, time of con- 
s t ruct ion and startup, and cl imate  factors ;  

2 ~ ~ / l O O O  gal should be  at ta inable  in  t h e  future. s 
Pro jec ted  energy and desa l ted  water  c o s t s  of 

t h e s e  magnitudes a re  lower than previous es t imates  
and were the b a s i s  for the suggest ion that  t h i s  
s tudy should invest igate  the poss ib le  effect  of 
such  reduced c o s t s  cn large energy and water  
u s e i s ,  s u c h  a s  t h e  electrochemical and inetal- 
lurgical  p r o c e s s  industr ies  and irrigation agri- 
culture. 6 - - 8  

Since many condi t ions - technologic, geo- 
graphic, and economic - influence the c o s t s  of 
producing electr ic i ty  and desa l ted  water  from nu- 
c l e a r  energy a t  any given time and place,  the ef- 
fec t  of the c o s t  of t h e s e  two commodities w a s  

‘The  Nuclear  Industry, 1967,  USAEC: Division of 
Industrial  Par t ic ipat ion (1 967). 

2Cornparison of Coal-Fired a n d  Nuclear  Pow%- P l a n t s  
for t he  TVA System, Office of Power,  T e n n e s s e e  Valley 
Authority, Chattanooga, ‘i’enn. (June 1966). 

3Nuc/eonics  Week, p.  4 (Jan. 19,  1967) 
4J. A. Lane,  “Economics of Nuclear Power,’’ Ann. 

’H. A. Sindt, I. Spiewak, and T. D. Anderson, “Costs 
Rev .  Nucl.  Sc i .  16, 345-78 (196G). 

of Power from Nuclear Desal t ing P l a n t s , ”  Chern. Rng. 
Progr. 63(4), 41-45 (1967). 

4. plant  load facto1 - plant avai labi l i ty ,  sched-  
uled and  forced outages,  and nature  of load; 
and 

5. f inancing .- c o s t  of moncy, amortization time 
(plant  life), and taxes  and insurance.  

Some of t h e s e  factors  a re  briefly d i s c u s s e d  below 
in terms o f  how they influenced the assumptions 
used in t h i s  study. 

l e v e l s  of technology were assumed.  T h e s e  a r e  
Two reference tiine periods representat ive of two 

6J. M. Holmes and J. W .  Ulliilan, Survey of P r o c e s s  
Applicat ions in a Desal inat ion Complex, OKNL-TM-  
1561 (October 1966). 

7R.  E. Blanco e t  a/., “Ammonia C o s t s  and  Electr ic i ty ,”  
Chern. E n g .  Progr. 63(4), 46-50 (April 1967). 
‘R. P. Harnmond, “Desal ted Water for Agriculture,” 

International Conference OA Water for P e a c e ,  Washing- 
ton, D.C., May 1967. 
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referred to  as  near term (NT) and far term (FT), 
which a r e  defined as follows: 

Near term refers to a level  of technology tha t  
might be expec ted  to be in  comrnercial u s e  i n  about 
ten  y e a r s  (i.e., 1977-78) and a s s u m e s  the  u s e  of 
light-water reac tors  ( L W R ) ,  e i ther  the boiling-water 
or pressurized-water type. Consider ing the  t i m e  
tha t  follow-on development, des ign ,  evaluat ion,  
f inancing,  procurement, anti construct ion would in- 
volve before  implementing any energy-producing-. 
energy-consuming complex of the  types  considered 
in t h i s  1967 s tudy,  the minimum time to reach full- 
s c a l e  operat ion was  est imated to be about ten  y e a r s  
( the  t ime for construction of nuclear  reactors  in  the 
(Jnited S t a t e s  is now f ive  to s i x  years). T h i s  per- 
mits a n  addi t ional  four to f ive y e a r s  beyond 1967 
d e s i g n s  (referred to as presenl term) for reactor de- 
velopment work before final reactor des ign  selectiori 
and as much as  s e v e n  to  e ight  y e a r s  of additional 
development and prototype work on  desalf.ing tech- 
nology and industr ia l  p rocesses ,  depending on the 
construct ion t imes required. Es t imates  for power 
c o s t s  in  t h e  near  term a r e  therefore based  on a 
survey o f  the  c o s t s  for present-term reactors  (i.e.,  
reactors  ordered i n  1066 and ear ly  1967 for s ta r tup  
in  about  1971-73) plus  an al lowance for ant ic ipated 
c o s t  reduct ions due to  four or five y e a r s  of addi- 
tional development work arid experience.  

In view of the present  s t a t e  of development and 
cunimercialization of various reactor types ,  t h e  
confidence leve l  for es t imates  of energy c o s t s  for 
near-term appl icat ions based on light-water reac tors  
w a s  considered to b e  s ignif icant ly  greater  than for 
any other  reactor  type. If and when developed to 
commercial l eve l ,  the  high-temperature gas-cooled 
and/or the  heavy-water concepts  may produce 
thermal and e lec t r ica l  energy a t  somewhat  lower 
c o s t s  than the LWH’s. However, the  overal l  pur- 
p o s e  of th i s  s tudy w a s  to  eva lua te  the  impact  of 
var ious energy and water  c o s t s  on industr ia l  and 
agricul tural  production. Rat iona les ,  or models ,  for 
es t imat ing  power and desa l ted  water  costs were 
developed to provide a reasonable  b a s i s  for the re- 
quired industr ia l  and agricultural eva lua t ions  and 
were not  intended to  provide a comparison or  evalu-  
a t ion of t h e  var ious es t imates  and c l a i m s  that have  
been made for different reactor concepts .  There- 
fore3 the required nuclear  energy cost rat ionale  for 
t h e  near-term cases w a s  derived from t h e  c o s t s  for 
t W R ’ s ,  which are commercially ava i lab le  i n  la rge  
s i z e s  from a number of manufacturers. 

Far term refers  to  the period approximately 20 to 
25 y e a r s  i n  the  future, when reactoi  development 
programs already receiving s ignif icant  effort may 
resul t  i n  s u b s t a n t i a l  further reduct ions i n  the c o s t  
of energy produced from nuclear f i ss ion .  Since 
breeder reac tors  give promise of ultimately pro- 
ducing nuclear  energy a t  lowest  <:o!jt, the  advanced 
breeder concepis  now under ac t ive  development 
were s e l e c t e d  to provide the b a s i s  for t h e  rat ionale  
of c o s t s  assumed for the far-term evaluat ions.  T h e  
U.S. Atomic Energy Commission’s program of de- 
velopment of breeder reactors  is aimed a t  com- 
mercial avai labi l i ty  by the middle 1980’s, so  tha t  a 
time scale of about  20 years  af ter  1967 w a s  chosen  
as  t h e  b a s i s  for evaluation of far-term appl icaf ions.  
T h i s  impl ies  about  1.5 years  from 1.967 for develop- 
ment, prototype tes t ing,  and ini t ia l  commercial 
operation prior c o  final se lec t ion  of any  concept  
eva lua ted  i n  t h e  far-term context  o f  th i s  study. 

4.2 Estimated Energy Costs for Light-Water 
R eacto is 

In view of the  greater amount of information 
ava i lab le  concerning c o s t  project ions for LWR’s, 
the general  model used  in  th i s  study to ra t ional ize  
projected energy costs will be d i s c u s s e d  f i rs t  us ing  
t h e  LWK information. Subsequent s e c t i o n s  will then 
d i s c u s s  t h e  quant i ta t ive changes  introduced in  the  
projected costs when the  advanced breeder reactor  
concepts  are considered. T h e  rat ionale  of c o s t s  
for light-water reactors  is based on a survey of 
information ava i lab le  during the  summer of 
1967. p 3  0 9 - ’  T h i s  cost information w a s  evalu- 
a t e d  to  identify and ad jus t  for differences i n  the  
b a s e s  employed. Where differences i r i  the  result- 
ing  e s t i m a t e s  still ex is ted ,  average va lues  were 
taken for u s e  i n  th i s  study. 

Capi ta l  and operating c o s t s  change  wi1.h time. 
T h e  information presented here  is based  on con- 

‘Current Status and Future Tcchrzicaf and Economic 
Poti-rztidl of L i g h t  Water  Reactors,  Jackson Moreland 
and S. M. Stoller Associates, USAEC,  N e w  York Op- 
erations Office, WASH-1082 (December  1967). 

“c. C. Burwell, ORNL, personal commiinicntion, 
July 1067. 

l L G ~ ~ z ~ ~ ~ a l  Electric Company Price Handbook, s e c t .  
8802, p. 10, Aug. 22, 1966. 

”R. W. Lockhart, F e s s i b i l i t y  Sttrdy of H o i f i r l g  Water 
Reactor  Nuclear Steam S u p p l y  S y s t e m s  w i th  Capaczties 
UTJ to .fo,ooo IMWt, GECK-.515!5 fFebrua iy  1967). 
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di t ions in the spr ing and summer of 1967. T h e  
b a s e s  for the c o s t  es t imates  used in  th i s  s tudy are  
explained in some detai l  in  th i s  sec t ion  and in  
Appendix 4.4, so that t h e  e f fec t  of futiire c h a n g e s  
c a n  be readily identified. 

In many respec ts  pressurized- and boiling-water 
reactors  are very much a l ike ,  and thus the  individual 
components of c o s t  which make up the  total c o s t s  
of producing s team or e lectr ic i ty  f r o m  t h e s e  two re- 
actor  s y s t e m s  are usual ly  qui te  similar. 
c o s t  breakdowns for several  large LWR electr ic i ty-  
generating s ta t ions  have  been published. s 3 , ’  ’ In 
addition, a number of surveys of capi ta l  and gen- 
e ra t ing  c o s t s  for nuclear  s ta t ions  have  a l s o  bern  
made .4*i  A 1967 engineering evaluat ion of the  
current s t a t u s  and future technical  and economic 
potent ia l  of light-water reactors’ provides  a good 
summary of the  dcsien and c o s t s  for pressurized-  
and bo i 1 in g- w a t e r reactor s y s tems . 

power s ta t ions  can  supply s team for p rocess  heat-  
ing and seawater  desal t ing purposes. Therefore, 
to fac i l i t a te  es t imat ing the capi ta l  and operat ing 
c o s t s  for such  multipurpose s ta t ions ,  the  power 
plants  were considered to  c o n s i s t  of three inter- 
related par ts :  namely, the nuclear  i s land  (N. I.), 
the  turbogenerator is land (T.I.), and the  condenser  
i s land  (C.I.). ‘The nuclear i s land  inc ludes  a l l  
fac i l i t i es  required to  produce the  prime steain and 
thus  inc ludes  t h e  reactor and i t s  auxi l ia r ies ,  a 
primary cool ing system, and heat-exchanger-boilers. 
‘l’he turbogenerator is land includes the  fac i l i t i es  
required t o  produce electr ic i ty  and extract ion steaiii 
from prime s team. 
the  fac i l i t i es  required t o  condense any s team 
emerging from the turbogenerator i s land  which i s  
not s e n t  to  process  or desa l t ing  use .  

1 h i s  chapter  briefly d i s c u s s e s  the  technique 
employed in  t h i s  study for evaluat ing capi ta l  and 
to ta l  power c o s t s  for light water reactors .  A s u m -  
mary of es t imated power c o s t s  is a l s o  presented.  
Additional de ta i l s  a re  given i n  Appendix 4A. 

Capital  

In addition to  producing electr ic i ty ,  nuclear  

‘The condenser  i s land  inc ludes  

. >  

4,2,1 Cap i to l  C o s t s  

The capi ta l  investments  in  complete nuclear  c lec-  
t r ic  (single-purpose) generating s t a t i o n s  vary 

Power S u p p l y  for N e w  England,  1973-I  990 (pre- 
liminary), Ebasco Seivices Incorporated,  New York 
(Februai y 1967). 

widely,4 but c o s t s  for a number of s t a t i o n s  of about 
1000 Mw(electrica1) capaci ty  in  1966 and 1967 fall 
in  the  range of $115 to $155/kw, including, charges  
for intere.;t dar ing construction but not including 
c o s t  of A c o s t  of $135/kw t 15% for total  
investment  (except  land, fuel, and t ransmission 
faci l i ty)  w a s  therefore taken as representat ive of 
present-term capi ta l  c o s t s  (i.e., for reactors  which 
might be ordered in early 1967 and reach com- 
mercial u s e  in  about 1972). T h e  es t imates  of in- 
t e res t  charges  dnring construction (IDC) averaged 
8% for United States. instal la t ions in the  s o u r c e s  
used,  When t h e s e  charges a r e  subtracted ( s o  that 
the effect  of varying IDC could be  s tudied to a l low 
for differences in the c o s t  of money and time of 
construct ion from place to  place) ,  a b a s e  capi ta l  
c o s t  (not  including IDC) o f  $124/kw(electrical) a t  
1000 Mw(electrica1) capaci ty  resul ts .  

‘l’he principal factors  which were considered to  
change t h i s  b a s e  capi ta l  c o s t  a r e  inc ieaxing  coli- 
s t ruct ion experience,  technological improvements, 
plant s i z e ,  the  number of reactors  pcr s ta t ion ,  
length of construction period, and location. 

was  al lowed for using the concept  of a “ lparning 
curve. ” “I‘he recent evaluation of LIVR’s9 s u g g e s t s  
us ing  a 90% learning curve; on th i s  b a s i s ,  c o s t s  a re  
predicted t o  decrease  10% for each doubling of 
production experience.  When coupled with pro- 
jec t ions  for the growth of nuclear generat ing ca- 
pacity in  the  United S ta tes  a lone,  th i s  procedure 
s u g g e s t s  poss ib le  reductions i n  tho present-term 
capi ta l  c o s t s  of LWK’s  of 10% by 19’77 (near term) 
and another  10% by 1987 (far trim). In addi t ion,  im- 
provements in 1,WR technology in  the areas of pies-  
s u r e  v c s s e l ,  steaiii generator, and containment offer 
a potent ia l  s a v i n g  est imated a t  $iS..’i(a/k.~(electrical)g 
for t h e  N T  time period. ‘Thus the total  reduction in  
b a s e  capi ta l  c o s t s  assuined for near-term LWR’s 
having a net  capaci ty  of 1000 Mw(electrica1) i s  
$18/kw(electiical). 

T h e  effect of s i z e  (“sca le”)  on the capi ta l  c o s t  
of the  nuclear  i s land  can be  correlated over limited 
ranges in  a fashion similar to many other  indus t r ies  
by s imple  relat ionships  of the type: 

T h e  e f fec t  of increasing const iuct ion experience 

Unit c o s t  b a s e  unit c o s t  x (capacity)..  , 

where the  s c a l i n g  factor n var ies  between 0.30 and 
0.41. Cos t  information from a number of 
s o u ~ c e s ~ - ~  s 1  w a s  found to give good agree- 
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ment on the magnitude of the s c a l i n g  factor over 
three capac i ty  ranges (see Appendix 4A). 

Jackson  and Morelandg estimated the  costs for 
nuc lear  reactor s t a t ions  containing from one to four 
reac tors  e a c h  for reactors of 400, 600, SO0, and 
1000 Mw(electrica1) capacity.  T h e s e  e s t ima tes  and 
r e su l t s  of a n a l y s e s  made at ORNL'" were used  tu  
es t imate  the  costs of one- and two-reactor s t a t ions  
(Appendix 4A). 

Consider ing  the fact  that  p r i ces  for nuc lear  power 
p lan ts  have  increased  considerably during the period 
from mid-1967 to  mid-1968, it  seemed appropriate to 
p lace  in  perspec t ive  the capi ta l  c o s t s  used  in  th i s  
study as compared with recent industry experience.  
The  total  construction c o s t s  of a number of nuclear  
power p l an t s  (including IDC) exc lus ive  of land,  
fuel,  and  transmission facil i ty '  are plotted i n  
Fig. 4.1 as a function of their n e t  power output. 

I4<'The Nuclear Industry, 1967," Nuclwdr News  
11(1), 29-46 (January 1968). 
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The majority of s ta t ions  ordered before Januaty  
1967, represented as circles i n  Fig. 4.1,  are ex- 
pected to be  i n  commercial operation by 1971-72. 
Those  s t a t ions  ordered after that da t e  ( t r iangles  i n  
Fig.  4.1) are  expected to be  in operatlori by 1973- 
74. T h e  solid l i ne  ind ica tes  the cap i t a l  c o s t s  of 
s ing le-s ta t ion  light-water reactors a t  10% c o s t  of 
money based  on the assumptions used in  th i s  study. 

T h e  shaded  a rea  shown in Fig. 4.1 conta ins  60% 
of those  orders placed subsequent  tu January 1, 
1967, apparently sugges t ing  that pr ices  have indeed 
e sca l a t ed .  However, the starred loca t ions  shown in 
the figure represent reactors loca ted  in the  south- 
eas t e rn  part  of the United States ,  where un i t  costs 
appear  to be considerably lower irrespect-ive of the 
d a t e  of the order. Some poss ib le  r easons  for the  
lower costs in  th i s  area may be  (1) outdoor con- 
s t ruct ion,  (2) lower labor cos t s ,  and (3) avai labi l i ty  
of good cool ing  water. Many of the appl ica t ions  of 
an agro-industrial  complex a re  intended to be in  
c o a s t a l  dese r t  a r eas  of underdeveloped countries,  

200 400 600 800 1000 4200 
NET POWER (Mw,) 

ORNL-DWG 68-7745A 

1 - SAN ONOFRE 27 - OCONFF 1 AND 2 '  
2 - GlNNA 28 - OCONEE 3 *  
3 - MONTICELLO 
4 - TOYT CALHOUN 30 - QUAD C l T l k S  I 

31 - QUAD CITIES 2 5 -POINT BEACH 2 
6 -POINT BEACH 1 32 - BURLINGTON 1 
7 - MALlBlJ 33 - BURLINGTON 2 
a -CONNECTICUT YANKEE 3 4  - DlABLO 1 
9 - SHOREHAM 

29 - CRYSTAL RIVER 3 *  

35 - PEACH BOTTOM 2 

36 - PEACH BOTTOM 3 
37 -BROWNSFERRY1 A N D 2 '  

10 -VERMONTYANKFF 
11 - N l N E M l L F  POINT 
12 -MILLSTONE 38 -BROWNS FERRY 3'- 
13 -OYSTER C R E E K  1 39 - COOK 1 AND 2 
14 - RUSSELLVILLE 40 - DUANE ARNOLD 
15 - ROBINSON 2 '  4 1  -OYSTER CREEK 2 
16 -DRESDEN 2 AND 3 
17 -PALISADES 4 3  - BRIDGEMAN 1 AND 2 
18 - B A l L L Y  STATION 1 4  - MILLIKEN 
19 - SURRI 1 45 - INDIAN POINT 3 
20 - COOPER 
21 - QANCHO SECO 41 I LION 1 
22 - CALVERT CLIFFS I 
23 - CALVERT CLIFFS 2 49 - KEWAUNEF 
24 I SURRY 2 
25 THREE MILE ISLAND 
26 - INDIAN POINT 2 

4 1  PRAIRIE ISLAND 2 

46 -MAINE YANKFF 

da - ZION 2 

50 -PRAIRIE ISLAND 1 
51 - DIABLO 2 

X SOUTHEASTERN U 5 LOCATIONS 
NEW PLANTS CONTRACTED FOR PRIOR TO JANUARY 1967 

A NEW PLANTS CONTRACTED FOR SUBSEQUENT TO JANUARY 1957 - SINGLE REACTOR COSTS INEAR TERM) USED IN THIS STUDY 
(IDC AT 10% COST OF MONEY) 

Fig .  4.1. U n i t  Costs of Centra! Station Nuclear  Power P l a n t s  Operating, Under Construction, or on Order 

(Excluding Lond, Fuel ,  and Transmission Fac i l i ty ) .  
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and thus  points  1 and 2 would be appl icable  in  their  
construct  ion. 

In ra t ional iz ing c o s t s  for th i s  s tudy,  the effect  of 
locat ion was: considered. Only very limited infor- 
mation i s  ava i lab le  on reactor power s ta t ion  c o s t s  
for construct ion outs ide the United States , ’  5 * 1 6  

espec ia l ly  in  developing conntr ies ,  and t h i s  infor- 
mation is for s y s t e m s  of rather small  capac i ty  and 
hence  high unit cos ts .  ’To fac i l i t a te  adaptat ion of 
United S t a t e s  c o s t  es t imates  for appl icat ion to  non- 
United S t a t e s  locat ions,  a review was made of t h e  
individual c o s t  i tems in c o s t  es t imates  for several  
power s t a t i o n s ,  and a l l  c o s t s  mere separa ted  into 
the  two ca tegor ies  of “imported” and “indigenous” 
(from the  point of view of a developing area) ,  ac- 
cording to  the nature of the item. F a c t o r s  were then 
appl ied to t h e s e  two categories  t o  reflect differ- 
e n c e s  in  c o s t  between items which would b e  pui- 
chased  with “hard currency” and imported vs those 
avai lable  locally ( s e e  Sect. 3.5). 

4.2.2 Operating Casfs  

A. 1 h e  pr incipal  operating c o s t s  for nuclear  gen- 
e ra t ing  s t a t i o n s  are fuel cyc le  c o s t s ,  operat ing and 
maintenance c o s t s ,  and insurance cos ts .  I n  com- 
mon with other comparative fuel 
cycle c o s t s  here  a r e  based on the s teady-s ta te  
operation of the  reactor system (referred to as the 
equilibrium fuel  cycle); the b a s e s  a r e  c o n s i s t e n t  
with other  recent  s t u d i e s . 4 ~ 5 , 9 ~ 1 7 , ’ 8  T h e  annual  
c o s t s  for operation and maintenance, as we l l  as 
nuclear  l iabi l i ty  and  property damage insurance,  
were est imated and included. 
s ion  of the b a s e s  and procedures used  to es t imate  
t h e s e  c o s t s  is given i n  Appendix 4A. 

.4 deta i led  d iscus-  

4.2.3 Total Estirnoted Steam and Elect r ic i ty  Costs 
from LWRUS 

To show the  effect  of the different var iab les  dis- 
c u s s e d  above and i n  Appendix 4A,  es t imates  of the 

’Report of India Energy S!rrve,v of India Committee, 
Government of India,  New Delh i  (1955). 

16Pre Investnient Study on Power Including Nuclear  
Power in Luzon Republ ic  of rhe Phi l ippines ,  General 
Report, U N D F  and IAEA Publicat ion,  chap. VI (Novem- 
ber 1965). 

17M.  ’A’. Rosenthal  e t  a / . ,  A Comparative Eviiliidtion 
of Advanced Converters,  OR€dLd-3686 (January 1965). 

1 8 ,-, I e c h i c a l  a n d  Economic- Evaluation of Four Con- 
cepts  of La rge  N u c l e a r  Steam Generators with 7hermal  
Ra t ings  up io 10,000 M’N, ORNL-TM-2133, to be pub- 
l ished. 

total c o s t  of producing prime s team and e lec t r ic i ty  
from LWK’s according to the rationa1.e u s e d  in  t h i s  
s tudy a r e  given in  ‘Table 4.1 and Figs .  4.2 and 4 .3  
for a number of different cases. 

T h e  c o s t s  shown i n  Figs. 4.2 and 4 ,3  are based  
on t h e  followirig factors: 

P lan t  l oad  factor 

Thermal efficiency for 

0.9 (7900 h r l y e a r )  

34.2% gyms, 32.670 n e t  

LWR 

Number of i cac to r s  per 1 and 2 

s ta t ion 

S ize  of s ing le  reactors  

Cos t  of money 2.5, 5 ,  10, and 20%/year 

Assumed plant  l i f e  30 years 

Time of construct ion 4 y e a r s a  

1500 to  10,000 Mw(therina1) 

‘The concepts  of industrial and agro-industrial 
complexes evaluated in th i s  study would impose 
large,  s t e a d y  energy- loads  on the generat ing s t a -  
tions. 
sidered to h e  greater than is noriiially the case for 
reactors  that  del iver  their energy to electrical. grids 
which have  appreciable  dai ly  and s e a s o n a l  load 
f luctuat ions.  

T a b l e  4.1 presents  es t imated capi ta l  c o s t s  and a 
breakdown of energy c o s t s  into the three iiiaiil c o s t  
ca tegor ies  for near-term LWR’s of 1100 and 3200 
Mw(elecirica1) capaci ty  and four va lues  of the c o s t  
of money. Tota l  costs for producing stearii and 
electr ic i ty  a r e  shown in Fig. 4.2 as a function of 
s ta t ion  generat ing capaci ty  arid t h e  c o s t  of money. 
For  the  near-term cases showri i n  T a b l e  4.1  and 
Fig. 4.2,  annual  fixed charges were ca lcu la ted  
u s i n g  the general model based on c o s t  of money, 
t i n e  of construct ion,  and plant  l i fe ,  as  d i s c u s s e d  i n  
Chap. 3. l o  provide a comparison with publ ished 
cost e s t i m a t e s  for LWR’s now under construct ion,  
c o s t s  were also est imated us ing  the  c o s t s  for 
present-term LWR’s and fixed charge r a t e s  of 8 and 
12”/o/year, which represent typical  r a t e s  used  in  
1967 by publicly and privately financed u t i l i t i es  in  
the  United States .  

4.1 and Fig. 4.2 for a c o s t  of money i of lO%/year 
l i e  between those  est imated us ing  the 
and “private” financing conventions. 
c lear  power s ta t ions  a r e  capi ta l  in tens ive ,  varying 
the fixed charge  rate  h a s  an important effect  on the 
est imated costs for s team and electr ic i ty .  

Consequent ly ,  the load factor w a s  con- 

T h e  near-term c o s t s  of electr ic i ty  shown i n  T a b l e  

‘public” 
Since nu- 

T h e  

UThe time for  construction of nuclear reactors  in  the 
United States  is now five to s i x  years .  
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Table 4.1. Estimated Costs  of Electricity Production for Present-Term and Near-Term LWR Power Stations 

Station s i z e ,  Mw(therma1) 

Net power, Mw(electrica1) 

Number of reac tors  

Cost of money, %/year 

Fixed  charge rate ,a  %/'year 

Capi ta l  cos t , '  dollars per kilowatt  

of n e t  e l ec t r i ca l  capac i ty  

E n e r w  costs, mills/kwhr 
Capi ta l  charges  
Operation, maintenance, and  

insurance  ' 7  

F u e l  c y c l e  cos td  

Tota l  power cost '  

P r e s e n t  Term Near Term 

3400 3400 

1100 1100 

1 1 
_. ___I- 

2.5 5 10 20 

8 12 4.9 6.7 10.7 20.2 

135 143 111 115 124 142 

1.25 2.17 0.69 0.97 1.68 3.62 
0.26 0.26 0.26 0.26 0.26 0.26 

1.50 1.60 1.27 1.34 1.49 1.77 

3.0 4.0 2.2 2.6 3.4 5.7 
_ _ _ - ~  ___ 

10,000 

3260 

2 

2.5 5 10  20 

4.9 6.7 10.7 20.2 

97 101  108  124  

0.61 0.85 1.47 3.17 
0.20 0.20 0.20 0.20 

1.18 1.25 1.38 1.65 

2.0 2.3 3.1 5.0 
__ 

"Fixed charge  rates  for near-term c a s e s  based  on the  cos t  of money and a 30-year life. 
bIns ta l led  c o s t s  iricluding in t e re s t  charges  dur ing  construction. 
'Including nuc lear  l iabil i ty and  al l - r isk property damage insurance .  
%ee Appendix 4 A  for detai ls .  
"As d i scussed  on pp. 25-27, these  costs are  somewhat lower than 1968 es t ima tes  o f  nuc lear  power costs. 

es t imated  d e c r e a s e  in  energy c o s t s  with increas ing  
reactor size s e e m s  to  become less important for re- 
ac tors  larger  than about  6000 Mw(therma1) - about  
twice the size of t h e  la rges t  reactors  being bui l t  i n  
1967 - u s i n g  the  assumptions of t h i s  report. 

Rel iabi l i ty  considerat ions will probably d i c t a t e  
the  u s e  of two or more reactors  per  s t a t i o n  for la rge  
nuclear power s ta t ions ,  espec ia l ly  where  i t  is not  
p o s s i b l e  to tie in  with a n  e lec t r ica l  grid of sub-  
s t a n t i a l  capaci ty .  Hence  many of t h e  complexes 
eva lua ted  i n  th i s  s tudy presume the  u s e  of two re- 
ac tors  per  s ta t ion.  Figure 4.3 s h o w s  t h a t  with 
Capaci t ies  of about  3200 Mw(electrical), the  s t e a m  
and e lec t r ic i ty  c o s t s  for two-reactor s t a t i o n s  a r e  
es t imated  to  b e  about  5% more than for one-reactor 
s t a t i o n s  and about  15% more for s t a t i o n s  with 
c a p a c i t i e s  of about  1000 Mw(electrica1). 

f e c t s  of varying LWR technology. At a c o s t  of 
money of 10%/year, the far-term LWR technology 
g ives  a n  es t imated  d e c r e a s e  in  energy c o s t s  of 
about  15% over  near-term technology. 

T h e  upper three dashed  curves  in  Fig. 4.4 show 
the  sens i t iv i ty  of the  es t imates  of e lec t t ic i ty  costs 
to a n  i n c r e a s e  in  capi ta l  cost and a d e c r e a s e  i n  

F i g u r e  4.3 also presents  a comparison of the ef- 

load  fac tor  for the LWR near-term case u s i n g  two 
reac tors  per  10,000 Mw(thenna1) s ta t ion.  
of money of lo%, a 25% increase  i n  in i t ia l  cap i ta l  
cost would c a u s e  the power cost to i n c r e a s e  by 
about  11%. Dropping the  load factor from 0.9 to 0.8 
would further increase  the  power cost to 3.7 
mills/kwhr, for a combined i n c r e a s e  of about  20%. 

T h e  overal l  range of es t imated e lec t r ic i ty  c o s t s  
f rom LWR's shown in t h e s e  figures, consider ing 
the  different c o s t s  of money, l e v e l s  of technologi- 
c a l  development, and size and number of reactors  
per s ta t ion ,  is from 2 to 6 mills/kwhr. 

At  a cost 

4.3 E s t i m a t e d  Energy Costs for A d v a n c e d  
Breeder Reactors 

Est imat ions  of the  c o s t s  of producing e lec t r ic  
power and s team from advanced breeder reactors  
were performed u s i n g  the s a m e  general ru les  as  
d i s c u s s e d  for light-water reactors e x c e p t  for 
thermal e f f ic ienc ies ,  which a r e  l i s ted  i n  T a b l e  7A.1 
of Appendix 7A. 'Two types  of advanced breeder 
reactor  (ABR) concepts  were considered - liquid- 
metal  fast breeder reactors  (LMFBK) and molten- 
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Fig .  4.2. Pr ime Stenm and Electr ic i ty  Costs  for Near-Term L W W  Under United States Conditions. 

s a l t  thermal breeder reactors (hgSSR). n o t h  of 
t h e s e  c o n c e p t s  a r e  in the ear ly  development s tage .  
Experimental-s ize  reactors have  been operated 
s u c c e s s f u l l y  for both of these  concepts ;  however, 
operat ing prototypes have not ye t  been constructed. 
T h e  development program of the United S ta tes  
Atomic Energy Commission is aimed a t  coinmercial 
operation of advanced breeders by t h e  l a t e  1980’s. 
Consequent ly ,  a l l  c o s t  es t imates  for su.ch reac tors  
a re  much more speculat ive than those  for light-water 
reactors. T h e s e  reactor concepts  and the  c o s t  es t i -  
mates  which have  been projected for them are  con- 
s idered here  to  indicate  the range of potent ia l  re- 
duct ions i n  nuclear  power c o s t s  that  may eventual ly  
resul t  if t h e s e  concepts  a r e  carr ied successfu l ly  to 
la rge  commercial operations. 

sodium-cooled f a s t  breedkr concept  performed by 
Argonne Nat ional  Laboratory and Westinghouse 
Elec t r ic  Corporation. 
plant des jgn  and fuel cycle c o s t  b a s e s  which were 
used  to  obtain es t imates  for the capi ta l  and oper- 
a t ing  c o s t s  for t h i s  type of reactor. A deta i led  
d iscuss ion  of these  bases and the c o s t  f a c t o r s Z o  
used  i n  t h i s  s tudy is given in  Appendix 4A. T h e  
general va lues  used are the same a s  for the LWR 
case except  for the thermal eff ic iency,  which w a s  
41.2% gross  and 38.8% net. 

This  report g ives  the  

4.3.1 Capital Costs of Fast Breeder Reactor Powe: 
Stations 

T h e  c o s t s  for the large f a s t  breeder reactors  are 
based on an evaluat ion of a 10,000 Mw(tberma1) 

19K. A. Hub et al . ,  Feas ib i l i t y  Study of Nuclear 
Steorii Supply System Using 10,000 MIV Sodium-Cooled 
Breeder Rezc tor ,  ANT,-7183 (Septcrnber 1966). 

r. I). Anderson and >f. L. Myers, ORNL, personal 
comtnunication (August 1967). (Memo to E. A. Mason, 
dated  Aug. 28, 1967, “Capit.al and  0 Qb M Cost Data 
for F a s t  Breeder Reactors.”) 

2 0. 
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Fig. 4.3. P r i m e  Steam ond Electricity Cost for t h e  LWR. 

4.3.2 Estimated Cost of Electr ic i ty  from Fast 
Breeder Reactors 

F r o m  the  d a t a  given in  Appendix 4A, the c o s t  of 
e lectr ic i ty  produced by f a s t  breeder reac tors  w a s  
computed for various cosfs of money and s t a t ion  
s i z e s .  T h e  r e su l t s  given in Tab le  4.2 for a 10,000 
blw(therma1) LNFBR show c o s t s  ranging from less 
than 1 mill/ kwhr to more than 4 mills/kwhr and 
corresponding unit  capi ta l  c o s t s  based  on 1967 
dol la rs  ranging f rom $99 to $127 per kilowatt  of 
e l ec t r i ca l  capacity.  

of power c o s t s  for a 10,000 Mw(therma1) LMFBR 
s ta t ion  to  changes  in  the b a s e  capital  c o s t  a t  
various c o s t s  of money. For a cos t  of money of 
IO%, a 25% inc rease  in capi ta l  c o s t  r e su l t s  in a 
14% i nc rease  in electriciiy cost, from 2.1 to 2.4 
mills/kwhr.  Decreas ing  the load factor from 0.9 

T h e  so l id  l i nes  in  Fig. 4.4 show the sensitivity 

to 0.8 results i n  an additional i nc rease  of 0 .4  
mill/kwhr for an overall  33% increase .  

4.3.3 Capital Costs  of Molten-Salt Breeder Power 
Stations 

T h e  cap i t a l  cost estimates for t h e  MSBR are 
based on an ORNL design for a 1000 Mw(electrlca1) 
reactor. This referencc des ign  u s e s  a four- 
module core arrangement. Cos t  da ta  for larger 
p lan ts  were obtained by cxtrapolatmg the individual 
c o s t  accounts  of the reference design. 
d i scuss ions  of the base:, and costs adopted are 

Detailed 

"P. K. Kasten ,  "Design and Performance Fea tures  
of Molten-Salt Breeder Reac tors , "  Oak Ridge National 
Laboratory, paper  presented at 1967 ASME Annual 
Meeting, Nov. 12-17, 1967. 

22T, D. Anderson, ORNI,, personal  communication, 
September 1967. 
18, 1967, "Molten Salt  Breeder Reac tor  Cost Data.") 

(Memo t o  E. A. Mason, da ted  Sept. 
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Fig .  4.4. Influence a f  Capital  Cost  on$ Plant Load 
Foctor  on the Cost o f  Power from a Large  Nuc lear  

Pawer Station. 

given i n  Appendix 4A. F u e l  c y c l e  c o s t s  are a l s o  
given in  th i s  appendix; the MSBR fuel  c y c l e  i s  
s ignif icant ly  different from those  a s s o c i a t e d  with 
the solid-fueled reactors d i scussed  previously. In 
particular, a l l  fuel processing i s  done in  an on-si te  
plant, thus  resul t ing i n  a stronger dependence of 
the  fuel  c y c l e  c o s t s  on the reactor s i z e .  

The thermal efficiency i s  taken as  47.5% gross  
and 45.1% net. 

* 

4.3.4 Fst ivoted Cost of Electricity fro? Moltcn- 
SaSt Breeder Reactors 

T h e  c o s t  of e lectr ic i ty  produced by molten-salt 
breeder reactors  w a s  computed for severa l  c o s t s  of 
money and s ta t ion  sizes. T h e  resu l t s  for a s ta t ion  
producing the  s a m e  electr ic  power output  as the 
LMP'BR shown in Table  4.2 a re  summarized i n  
Table  4.3. 

tween t h e  t w o  concepts  of breeder  reac tors  (s tep 
6, Appendix 7%). The fuel c y c l e  for  t h e  thermal 
breeder, having 40 to 50% l e s s  capi ta l  in  fue l  in- 
ventory (including fuel reprocessing plant), s h o w s  a 
l esser  dependence on t h e  c o s t  of money. However, 
t h e  capi ta l  costs assumed for the  large therinal breeder 
a re  more specula t ive  than those  for the  large f a s t  
breeder b e c a u s e  they a re  the resul t  of an extrapo- 
la t ion from a 1000 Ivlw(electrica1) design. 

There  is a large difference in fuel inventory be- 

4.4 Influence of Reec*or Technology on 

Bower Cost 

T h e  es t imated  e f f e c t s  of s ta t ion s i z e  and c o s t  of 
money on  the  c o s t  of e lectr ic i ty  generated by the  
two advanced breeder concepts  are shown in Fig. 
4.5. For comparison purposes  the c o s t  of electr ic-  
ity from light-water reactors  based oil near- and 
far-term technologies  i s  a l s o  shown a s  a function 
of size a t  a c o s t  of money of lO%/year. Note that  
at th i s  cost of money the est imated e lec t r ic  power 
c o s t s  for the  two advanced breeder reactors  a re  
about  the  same and about 24 to  34% lower than 
those  for near-term light-water reactors  but only 1 4  
to  24% lower than those for far-term light-water re- 
actors .  T h u s  for large single-reactor nuclear  power 
s ta t ions  a t  a c o s t  of money of 1076, the c o s t  of 
electr ic i ty  appears  to decrease  from 3 mills/kwhr 
for near-term technology to about  2 mills/kwhr 
when t h e  advanced breeder reactors  become avail- 
able. 
favor the  thermal breeder because  of i t s  smal le r  
fuel  inventory and cheaper  capi ta l  c o s t ,  whi le  
lower c o s t s  of money favor the f a s t  breeder be- 
c a u s e  of i t s .  cheaper  fuel cycle ,  due primarily to 
the high breeding gain of plutonium. 

B a s e d  on  t h e  resu l t s  of t h e s e  es t imates  of en- 
ergy c o s t s  f rom light-water and advanced breeder 
reactors ,  a range of 1 to 8 mills/kwhr w a s  used  in  
the  parametric s t u d i e s  of the effect of energy c o s t s  
on energy-intensive industrial p rocesses .  

Costs of money in  e x c e s s  of 10% appear  to 
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T a b l e  4.2. Est imated Costs  of E lec t r ic i ty  Production for a F a s t  Breeder Reactor Power Stat ion 

Station s i z e ,  10,000 Mw(thcrma1) 
N e t  power, 3880 Mw(electrica1) 

Number  of reac tors  2 

Cost of money i ,  %/year 

Capi ta l  cost ," dollars per kilowatt 

2.5 

99 
of riet electrical capac i ty  

Energy costs;, mills/kwhr 
Capi ta l  cha rgesb  0.62 
Oprrat.ion, maintenance, and  insurance"  0.20 
F u e l  cyc le  - (0.05' 

0.8 . -  l o t a l  power cost  

2 

5 

103 

0.87 
0. 20 
0.08 

1.1 

2 1 

10 10 

110 100 

1. SO 1.34 
0.20 0.20 
0.34 0.31 

2.0 1.9 
........ - 

2 

20 

127 

3.23 
0.21 
0.86 

4.3 
__ 

"Installed c o s t s ,  including in t e re s t  during construction. 
b 

' Includes nuc lear  l iabil i ty and al l - r isk property damage insurance .  
T o t a l  f ixed charge rates  of 4.9, 6 .7 ,  10.7, and 20.2'70. 

Table 4.3. Estimated C o s t s  of E l e c t r i c i t y  Production for a Molten-Salt  Breeder Reactor Power Station 

Station size ,  8630 Mw(therma1) 
N e t  pnwer, 3880 hlw(electrica1) 
Number of reactors,  4 
I____ 

C o s t  of money i ,  %/year 2.5 5 10 20 

Capi ta l  c o s t , a  dollars per kilowatt  of 89 93 100 11.1 

ne t  e l ec t r i ca l  capac i ty  

Energy cos t s ,  mills/kwhr 
Capi ta l  charges" 
Operation, maintenance, and in- 

surance"  
Fuel  cycled 

0.56 

0.18 

0.11 
_I_ 

Tota l  power costs  0.9 

0.78 1.35 2.91 

0.18 0.18 0.19 

0.29 0.54 
__I 

0.17 

1.1 1 .8  3.6 
- 

___ -.- 

a h s t a l l e d  c o s t  including in t e re s t  during construct.ion. 
'Total f ixed charge  rates of 4.9, 6.7, 10.7, and  20.2%. 
"Includes nuc lear  l iabil i ty and all-risk property damage insurance.  
dIricludes cap i t a l  charges  o n  fue l  reprocess ing  p lan t  assuming a 20-year p lan t  life. 

4.5 Desalted Water Technology and Cost 'The evaporator des ign  concepts  used  in  th i s  s tudy 
are assumed to be as  presented in  two ORNL re- Roti ona I e 

Although a number oE methods a r e  ava i lab le  €or 
ports. # 2  

_I ___ ............. 

23C012ceptuaI D e s i g n  Stczrly of a 250 Million Gallons producing fresh water from the sea, the  method 

la rge-sca le  appl ica t ions  is tha t  based on  evapo- 

a r e  mul t i s tage  f l a sh  (WSF) and  vertical-tube (V'TE). 

which currently appears  to be most promising for per Day  iWullistage F l a s h  Dis t i l la  tion Plant ,  O R N L  
3912 (February 1966). 

24Conceptuol  Vea ign  Study  or' a 250 Million Gallons ration' The two main types Of evaporator per Day Vertical rubc Evaporilfor Dcsa/ jnat;on Plant, 
O R N L - ~ ~ ~ O  (August 1968). 
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Reactors. 

4,5.1 MuBti stage Flash Ewqoaortor 

T h e  mult is tage flash evaporator concept  i s  shown 
schematical ly  in  Fig. 4.6.. Seawater i s  f i rs t  heated 
under suf f ic ien t  pressure to prevent boiling and is 
then s e n t  to the first s t a g e  of a mult is tage evapo- 
rator. Mere t h e  p iessure  i s  dropped s l ight ly  until 
boiling begins. 
vaporized (f lashed) ,  and the vapor, f ree  of the  dis- 
so lved  s a l t s ,  flows to a hea t  exchanger  and i s  con- 
densed by t h e  incoming seawater ,  which i n  turn be- 
comes heated.  Both the fresh dis t i l led water  stream 
and the  more concentrated and somewhat  cooler  s a l t  
water  flow separa te ly  thiough restr ic t ions ( d e -  
c r e a s i n g  the  pressure slightly) to the second s tage.  
Here,  both s t r e a m s  begin boiling, with a s m a l l  frac- 
tion of e a c h  s t r e a m  changing to vapor, which i s  
again condensed  by the cooler incoming seawater  
stream. 

This p r o c e s s  i s  repeated i n  many (-50) s u b s e -  
quent  s t a g e s ,  where the pressure and temperature 
arc gi-adually lowered until a n  economical approach 
to the  in le t  seawater  temperature is reached. 'l'his 
evaporator arrangement provides for the eff ic ient  
u s e  of the  in i t ia l  h e a t  source in that  the  quantity 
of water d is t i l l ed  may exceed by about  12 t i m e s  
the  amount  coriesporiding to the h e a t  supplied. 
amount of th i s  regeneration, or  h e a t  reusc, i s  opti- 
mized by a balance  between the c o s t  of additional 
h e a t  t ransfer  sur face  and the c o s t  of the  h e a t  saved.  

A small portion of the water i s  

T h e  

ORNL-DWG 6 @ - 1 0 5 A  
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( ) REILATI\/E FLOW i::ATES 
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Flg.  4,6. Schematic Flow Diogrcrm of  MSF Evaporator. 
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A charac te r i s t ic  of the MSF design is that  a large 
recyc le  flow of the brine i s  generally required to 
reduce the  amount of seawater  to b e  chemical ly  
t reated,  s i n c e  the fraction of fresh water  boiled off 
per  p a s s  through t h e  evaporator is relat ively small. 
In addi t ion to  the  added pumping power required, 
the  recyc le  flow causes a higher solids concentra- 
tion (relat ive t o  a once-through sys tem)  i n  the  brine 
which is i n  contac t  with the hea t ing  sur face ,  so  
tha t  careful  a t tent ion must be given to t h e  seawater  
chemical  treatment method required to prevent  s c a l e  
form at i o n. 

T h e  MSF des ign  is currently i n  u s e  i n  many par t s  
of the world, including Cuba and Kuwait ,  and in  t h e  
recent  2.S-FAgd (million gallons per  day) plant  a t  Key 
West, Flor ida.  Current p lans  a l s o  c a l l  for i t s  u s e  
in the  150-Mgd Metropolitan Water Dis t r ic t  p lan t  a t  
Los Angeles. T h i s  plant would make u s e  of three 
evaporator  t ra ins  of 50 Mgd e a c h ,  with the  f i r s t  
train scheduled  for completion i n  the 1970's. 

T h e  primary extrapolation o f  MSF evaporator tech- 
nology required for application i n  t h i s  s t u d y  would 
be e s s e n t i a l l y  o n e  of s ize ,  s i n c e  the maximum train 

size considered is 250 Mgd. T h e  MSF evaporator 
technology h a s  been adopted for the near-term ap- 
pl icat ion i n  th i s  s tudy,  s i n c e  i t  is fel t  that  s i z e  
extrapolat ions of th i s  magnitude wil l  be f e a s i b l e  by 
the  l a t e  1970's. 

4.5.2 Vertical Tube Evaporator 

T h e  VTE des ign  considered in  th i s  study" is 
based  on a recently developed hea t  t ransfer  sur-  
face ,  t h e  double-fluted tube. T h i s  sur face  exhib i t s  
an  improvement i n  overall h e a t  transfer by a factor 
of 2 to 3 compared with smooth tubes. In this de- 
s ign ,  shown schematical ly  i n  Fig.  4.7, about  75% 
of t h e  input  h e a t  (s team from a nuclear  power plant) 
is directed to the first vertical-tube eifect. T h i s  
steam c o n d e n s e s  on the outs ide  sur face  of t h e  
tubes ,  and the  h e a t  so given up c a u s e s  the  s e a -  
water  flowing down the i n s i d e  of the  t u b e s  to boil. 
T h i s  vapor  then p a s s e s  out of the tubes,  through an 
entrainment separator ,  and is uscd as  t h e  h e a t  
source  for the  second vertical-tube effect ,  which is 

( ) REL.ATIVE F L O W  R A T E S  
# NET EVAPORATION FROM l K A Y S  
'4 NET CGLLECTION INTO TRAYS 

W C O N D E N S A T E  

ORNL-DWG 68--106 A 

Fig. 4.7. Schematic F l o w  Diagram of  VTE Plant. 



a t  a lower pressure,  so that the brine in th i s  effect  
boils a t  the  s l ight ly  lower temperature. 
j e c t  brine from each  effect separa tes  from the vapor 
and is returned to  an appropriate s t a g e  of the  MSF 
preheater  sec t ion ,  descr ibed below. This process  
is repeated in 15 subsequent  e f fec ts  until a reason- 
ab le  approach to  the  inlet  se3water  temperature i s  
reached. 

The remaining 25% of the  input h e a t  ( s team from 
the reactor  power plant) i s  used to provide the final 
s t a g e  of seawater  preheating. T h e  ini t ia l  seawater  
preheat ing is carried out  i n  an MSF evapoiator  inte-  
grally connected to, and operated in  paral le l  with, 
the VTE. T h i s  MSF sec t ion  produces about  20% of 
the product water. 

seawater  flow circuit, thus eliminating brine re- 
cycling. 
tion and thus  a l lows  a higher maximum brine tem- 
perature  and biine effluent concentration, as  well as 
giving a lower pumping requirement (about  one-half) 
than for the  MSF desigri. 

been in  operation for many years i n  t h e  s a l t ,  paper, 
2nd chemical  industr ies ;  the i-Mgd seawater  dis t i l -  
la t ion plant  built by the  Office of Sal ine Wate: a t  
Fieeport ,  T e x a s ;  began opcration in 1961. T h e  
par t icular  combination of vertical-tube nul  t ieffect  
evnporators  with fluted titbes and a n  MSF preheater  
as  descr ibed i s  a relatively new crsncept, and the  
combination h a s  not been deiiionstrated to date. 
Although the current expeiirncntal program, together 
with de ta i led  design ana lyses ,  i s  qui te  encouraging, 
the concept  h a s  only been applied i n  the long-term 
applicat-ions of t h i s  study. 

T h e  re- 

The  VTE design makes poss ib le  a once-through 

T h i s  reduces the  problem of s c a l e  foiitia- 

Vertical-tube evaporatois using smooth tubes  have  

Both types  of evaporator plaiits reqnire aiixiliary 
fac i l i t i es  including (1) seawater  intake and return, 
(2) s e a w a t e r  chemical treatment plant  for s c a l e  con- 
trol, ( 3 )  deaeratoi ,  and (4) product mate: treatment. 
T h e  des ign  concepts  are assumed to  be  a s  presented 
in Iefs. 23 and  24. In addition to  t h e s e  fac i l i t i es ,  
evaporator brine and seawater  primping equipment is 
required. T h e  amount  of pumping power a s s o c i a t e d  
wi th  t h e  t w o  evaporator concepts  is given in  Tab!e 
7A.I ,  Appendix ’7A. 

~ 4 . 5 ~ 4  Design ond Cost Parameters 

The main var iables  which inf luence the evaporator 
design and c o s t  and the va lues  se lec ted  for the nu- 
merical comparisons i n  th i s  study a r e  a s  follows: 

1. 

2. 

3. 

4. 

5. 
6. 

performance ratio, P K  (pounds of water  evapo- 
rated per 1000 Biu of input heat)-12 (reference 
value only; optimum value var ies  depending on 
other  pa  ram e t  er s) ; 

maximum brine temperature ’-- 250’F for MSF and 
2 a G F  for VTE; 

seawater  chemical treatment method - sulfur ic  
ac id  or caust ic /HCl;  

brine eff luent  concentration ratio - 2.0 for MSF 
and 2.5 for VTE; 

seawater  temperature .- 65OF; 

trait1 s i z e  - 50 to 250 Mgd; number .-- 2 to 5. 
‘These parameters are d i s c u s s e d  in  Appendix 4A. 

Also given i n  the  appendix a re  the  major c o s t  
factors  used ,  including evaporator capi ta l  c o s t s ,  
operation and maintenance c o s t s ,  indirect  capi ta l  
charge factor, and interest  during construction. 

4.5 D e s i g n s  o f  Dual-Purpose Plafa+s and 
Resultant Watai and Pilwsi  C o s t s  

Witli the commercially developed water-cooled 
nticlear reac tors  which provide stearn a t  much higher 
temperatures (500 ---550°F) than can  he ut i l ized ef- 
fect ively i n  seawater  evaporator p lan ts ,  i t  i s  ad- 
vantageous to  first partially expand the  s team 
through a turbine-generator (TG) mit for power 
production and then ut i l ize  the lower-temperature 
exhaus t  s team in the evaporator. T h i s  coupl ing 
g ives  lower c o s t s  for both power and water  than 
would be obtained from separa te  p lan ts  for the 
production of e i ther  pioduct. Although there  a r e  
s ingle-purpose wa.ter-only ieactor  concepts  being 
developed which show promise of producing fresh 
water a s  cheaply a s  dual-purpose p lan ts ,  2 5  * 2 6  

25R. P. Hammond et a t . ,  H i g h  Gain Breeders €or De- 
sa l t i ng  or Power Using  Unclad Meta l  F u e l s ,  ORNL- 
4202, to  be  publislied. 

PWR for Single-Purpose Desa l t ing ,”  A N S I C N A  Trans .  
11(1), 355 (1968); p resented  a t  t h e  Amiual Meeting:, 
Toronto, Canada, June 10---13, 1968. 

2 6,., 1. D. Anderson et af., “A Metallic Uranium Fueled  
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t h e s e  were not considered i n  t h i s  s tudy due  to the  
preliminary nature of the work on low-temperature 
reactors. 

4.6. I Operating Modes 

In t h e  contex t  of th i s  report a dual-purpose plant  
c o n s i s t s  of a nuclear reactor heat source  providing 
s team which f lows f i rs t  through a back-pressure 
turbine-generator and then to  a s e a w a t e r  evaporator  
plant. In s o m e  dual-purpose plant  d e s i g n s ,  par t  of 
t h e  s team from the reactor may b y p a s s  t h e  back- 
pressure  turbine and enter  the  evaporator  via a 
pressure-reducing valve. In other  des igns ,  pa t t  
of the  s team from t h e  reactor may be fed thmugh a 
back-pressure turbinegenerator  to a n  evaporator, 
with the remainder fed through another turbine- 
generator t o  a condenser. There  are o ther  modes  of 
operat ion p o s s i b l e  which a r e  e s s e n t i a l l y  e x t e n s i o n s  
or combinat ions of the above three modes,  but t h e s e  
are not  considered i n  th i s  discussion.  These oper- 
ating modes are i l lustrated i n  Fig. 4.8, which shows,  
for a 500-Mgd water  production rate  and for cer ta in  
des ign  condi t ions,  the reactor size required for 
p lan ts  with a ne t  e lec t r ica l  output ranging from 500 
to 2500 Mw. Steam bypass  i s  required i n  paral le l  
with a back-pressure turbine up to a power gener- 
a t ion ra te  of 850  Mw, above  which there  is no by- 
p a s s .  A condens ing  turbine operat ing i n  paral le l  
with the  back-pressure turbine is added a t  1000 Mw 
and i n c r e a s e s  i n  size from th is  point, proportionally, 
a s  the e lec t r ic i ty  production is increased.  ’’ In 
Fig.  4.8, the  plant  des igns  from 850 to 1000 
illw(electrica1) a r e  referred to as operat ing in  the  
“back-pressure region.” I t  may be  noted that  t h e  
optimum P R  shown (computed by the ORNL ORCUP 
code)27 is a cons tan t  13 ,4  in  the b y p a s s  region, 
drops  to 11.6 in the  back-pressure region, and then 
gradually d e c r e a s e s  to 9. S in  the  condens ing  tur- 
bine region. This figure then i l lus t ra tes  the  flexi- 
bility ava i lab le  for se lec t ing  t h e  amount of power 
which may b e  produced for a given s i z e  water  
plant; however, t h e  bes t  point oE operat ion should  
be  b a s e d  on a detai led c o s t  a n a l y s i s  but would 
normally be  a t  the back-pressure coiidition. 

70. M .  E i s senbe rg  and  C. C. Burvrell,  A Survey  of 
Opt imum Dual-Purpose Desal t i t@ Plants  a s  a Frinctiorl 
of Producf R a t i o  Using Altertlate Stttarir Supplies ,  ORNL- 
TM-1650 (July 1967). 

‘In t h i s  example, the  proportion of power produced 
by the condens ing  turbine is not s ign i f icant  except for 
p lan ts  designed with net e l ec t r i ca l  output over 1250 
M‘N . 
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4.6.2 incremental Costs  of Water and Power 

For the  case of incorporating a dual-purpose plant  
into a large agro-industrial complex, i t  would not 
usually be  n e c e s s a r y  to  determine the ac tua l  uni t  
c o s t s  for producing e a c h  of the  two products, water 
and power. Arriving a t  s u c h  c o s t s  would involve a n  
arbitrary al locat ion procedure for determining, f o r  
example, what fraction of the  nuclear reactor capi ta l  
and operating c o s t s  should b e  ass igned  to  the water  
produced. Although t h i s  would be  done for p l a n t s  
which s e l l  t h e s e  products ,  i t  w a s  not required for 
this appl icat ion,  where t h e  water and power are  con- 
sumed within the  complex. 

To aid in  the  planning and des ign  of a complex, i t  
would be des i rab le  to know the  incremental c o s t s  
for increasing (from sorile base)  t h e  quantity of water  
and power produced. Such information may be ob- 
tained by determining the  to ta l  cost for building and 
operating dual-purpose p lan ts  of various s i z e s  and 
relative amounts of water  and power produced. In 
general, a s  the  plant  s i z e  becomes very large,  the  
incremental uni t  c o s t  approaches the average unit 
cost ;  and i f  the  two products  were so ld  a t  their in- 
cremental c o s t s ,  t h e  total  production c o s t  would be 
very nearly recovered. F o r  the  s i z e  of plants  con- 
s idered in th i s  s tudy t h e  incremental c o s t s  for water 
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and power are representat ive of their actual  cos ts .  
T h e s e  c o s t s  were developed for the two l e v e l s  of 
technology: (1) near  te rm29 (-1977): light-water 
reactors (e i ther  pressur ized  water  or boiling water) 
coupled with a n  MSF evaporator plant; and (2) far 
term ( %  1987): f a s t  breeder  reactor coupled with the  
V1’E evaporator plant. 

T h e  incremental c o s t s  may b e  computed from Figs .  
4.9 and 4.10, which show for t h e s e  two technologies  
the variation in  to ta l  annual  c o s t s  as a function of 
electricity and water  production rates. T h e  total  
annual c o s t s  include capi ta l  charges  for return on in- 
vestment, recovery of investment ,  and interest  during 
construction, as  wel l  as  the actual  operating cos ts .  
The  va lues  for the  amount of power shown on the  
horizontal. a x i s  represent  power which is avai lable  
for u s e  outs ide  of the  plants ;  that  is, power required 
within t h e  water  and power p lan ts  h a s  been deducted. 
The  incremental costs for power may b e  computed 
from the s l o p e s  of the  l i n e s  shown i n  these  f igures  
and are  given i n  T a b l e  4.4. T h e  corresponding 
numbers for t h e  back-pressure region a r e  omitted 
f rom t h e  table ,  but they should be  between the  
va lues  for the other two regions. A s  indicated in  
th i s  tab le ,  the  range of incremental c o s t  for power 

29The long construction period for  a dual-purpose 
plant (-5 years) requires t ha t  a commitment be made 
by about 1972 for s ta r tup  in 1977. 



39 

Table  4.4. Incremento1 Casts (rnills/kwhr) far Power 

Cost 
of Uypass  Region Condensirig Region 

M"ney MSF-LNR VTE-FBR MSF-LWR VTE-FBR 
. .__l_ll___-I" 

(%) 
~ ~- 

2.5 I). 8 0.3 1.6 0.4 

10 1.2 1.0 2.4 1.5 

20 1.9 2.0 3.8 3.3 

is from 0 .3  t o  3.8 mills/kwhr. Although incremental 
water c o s t s  may b e  computed from t h e s e  d a t a  for 
the b y p a s s  and condensing regions,  it i s  of more 
interest  to obtain a c o s t  range for water in  t h e  
back-pressure region as  descr ibed below. 

An approximate method for i l lustrat ing the range 
for the absolu te  c o s t  of water  as a function of tech- 
nology and in te res t  ra te ,  two of the  most important 
parameters, is shown i n  Fig. 4.11. An upper limit is 
obtained from the  costs (capi ta l  and operating) of a 
single-purpose water-on1 y plant  us ing  bypass  throt- 
tling of the prime s team. Only suff ic ient  e lectr ic i ty  
is generated to provide for the requirements of the 
evaporator and reactor  plants. A lower limit may be 
oblained from the difference i n  total costs between a 
dual-purpose p lan t  opera t ing  a t  the back-pressure 
point and a power-only plant  producing the same 
amount of e x c e s s  e lec t r ic i ty  a s  the  dual-purpose 
plant.30 The lower limit thus  at t r ibutes  a l l  the 
mutual benefi ts  of dual-purpose p lan ts  to  the water 
production. While t h i s  technique indicates  a maxi- 
mum range of water  c o s t s  oE about  8~ or 9&/1000 
gal, the  usua l  a l loca ted  c o s t s  from a dual-purpose 

gal  above the  lower l i m i t  line. 3 2  'Thus the  range for 
the cost of wa te r  from 1000-Mgd plants ,  which would 

would b e  expec ted  to b e  only 1~ or 2$/1000 

3oA simplifying assurription inherent  in t h i s  i l lustra- 
tion is t h a t  t h e  evaporator performance ratio is fixed 
a t  12; however, t h i s  was shown t o  b e  nea r  the optimuni 
value and  has re lat ively l i t t l e  effect  on the cost of 
water. 

31C. C. Rurwell arid R. P. Hammond, .I Cost  Al loca-  
tiorr Procedure for Dual-Purpose Power-Desv Iti i ig Plants,  
ORNL-TM-1615; remarks prepared for t h e  M E A  P a n e l  on 
Cost ing Procedures  for  Nuclear  Desal inat ion,  Vienna, 
Austria, Apr. 18-22, 1966. 

In pract ice  it is doubtful if a water-only plant would 
be operated on bypass  s t eam,  s i n c e  other plant concep t s  
(e.g., vapor compress ion)  would g i v e  lower water  cost .  

3 2  

include the  two technologies  and costs of money 
from 2.5 to 20%, would be about  9$ t o  50~$/1000 gal. 

Similar computat ions have  been made for smaller- 
size plants  to i l lus t ra te  the  e f f e c t  o f  size s c a l i n g  on 
the cost of water. A t  l e a s t  down t o  250-Mgd plants ,  
the c o s t  of water  i s  not appreciably changed; a t  th i s  
size for the LWR-MSF dual-purpose plant  the c o s t  of 
water would i n c r e a s e  by about  3.5~/1000 gal ( -'IS%> 
over the c o s t  from a 1000-Mgd plant. 

4.7 Method Adopted in Evaluation of Nuclear- 
Powered Complexes 

Several s implifying approximations were adopted 
for u s e  in the economic a n a l y s e s  o f  agru indus t r ia l  
complexes based  on dual-purpose nuclear power 
plant:;. T h e s e  were tha t  (1) one value, 12, would b e  
used for the evaporator  performance ratio and (2) 
operation would normally b e  a t  the back-pressure 
point; that  is, all of the  s team avaiLable from the  
back-pressure turbine would be ut-ilized in  the evapo- 
rator. It should be noted t h a t  a back-pressure region 
only e x i s t s  if PR is optimized for each power Level - 
for  constant  P R  and a given water  production rate  
the back-pressure condi t ion is sa t i s f ied  a t  only one 
power generation rate. 

T h e  optimum performance rat ios  shown i n  Figs. 
4.9 and 4.10 indica te  only a relatively s m a l l  vari- 
ation for the two technologies  and the range of costs 
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of money considered. A value of 12 w a s  therefore 
se lec ted  for u s e  i n  determining the  c o s t  of  evapo- 
rators and the relat ive amounts of water and power 
produced. 
point should give the  lowes t  incremental costs of 
power and water, th i s  operat ing mode w a s  adopted 
generally throughout t h i s  study. Table  4.5 summa- 
r izes  the  parameters  of dual-purpose plants  for the 
various technologies  cons idered  and  for  operation a t  
the bac k-pressure condi t ions.  

Due to the time l imitat ions of th i s  s tudy,  i t  w a s  
not poss ib le  to  arrive a t  an optimum plant size or  a n  
optimulii water-to-power production ratio for any  given 
complex considered b e c a u s e  th i s  involves a balance 
between incremental c o s t s  and incremental returns. 
T h e  incremerital return will depend on the u s e  of the 
water and the  power, tha t  is, the value given to  t h e s e  
products. In t h e  concept  of the  aero-industrial com-  
plex, water and power a re  “intermediate prodiicts,” 
and their u s e  is well  defined. T h e  value of the water 
and power therefore depends  on the  value of the final 
agricultural and industr ia l  products. Tentat ive va lues  
( s a l e s  pr ices)  were  a s s i g n e d  to t h e s e  products, a s  
d iscussed  in Chaps. 5 and 6. No effort w a s  made t o  
determine a demand curve (price v s  volume of s a l e s )  
for each of the  products ,  s i n c e  s u c h  an invest igat ion 
would require a detai led marketing study for the in- 
dividual s i tes .  

Since operation a t  t h e  back-pressure 

E s t i m a t e s  of variation in  returns 

(which depend on price) with output volume were le f t  
as a “missing l ink” in  t h e  generalized study but 
would cer ta inly be  a n  integral  part of a detai led 
feasibility study. 

source-sink relationship; that  i s ,  the  primary products 
will b e  consumed within the  complex - water to  a 
farm and/or to  a c i ty ,  and electr ic i ty  to  industry 
and/or a grid. 
s i z e  in i tself  c a n  c rea te  s o m e  problems; for example, 
the MSBR operat ing i n  the back-pressure mode to  
produce 1000 Mgd of desa l ted  wate i  also produces 
about 4500 Ww of electr ic i ty ,  which would be diffi- 
cu l t  to  consume in a developing country or, for a 
decade to  coiile, in  the United States .  In th i s  case 
i t  rnight be necessary  t o  operate  the  evaporator 
partly with b y p a s s  s team. 

In summary, e s t i m a t e s  of incremental c o s t s  for 
water and power represent  a b a s i c  s t e p  toward 
rational des ign  of the  s i z e  and character  of the  in- 
dividual ac t iv i t ies  making up the  complex and hence  
for the rational des ign  of the complex as a whole. 
Once a design i s  formulated, i t s  economic appraisal  
requires a n a l y s i s  of total. rather than incremental 
values. T h i s  w a s  carr ied out  in  the appraisal  of in- 
dustrial, agricultural, nuclear-industrial, and nuclear  
agro-industrial complexes,  and the  numerical resu l t s  
a re  included in  Chap. 7 .  

T h e  agro-industrial complex emhodies, in part, a 

As indicated in  Table  1.5, however, 

Table  4.5. Dual-Purpose Plants Producing 1000 Mgd of  Desa l ted  Water 

Temperature (oF) Turbine Cyc le  E lec t r i ca l  Power  Auxiliary Power Salable  
Technology Efficiency to Evaporator for Reactor  and Power  

(%I (Mwe)” T G  (Mwe) (Mwe) 
T o  Turbine T o  Evaporator 

LWR-MSF 5 40 260 21.4 345 

FRH-V’I‘E 900 270 26.8 142 

MSBR-UTE 1000 270 37.4 142 

___ ~- 
142 1820 

240 2724 

2 86 4640 

Required 
Technology React  o r  

Power 
[Mw(therrnal)] 

..... .. ... ...-...... ......... 

LWR-MSF 10,780 

FBR-VTE 11,590 

MSBR-VTE 13,550 

Ra t io  of Water 

to  Power,  Mgd/ 
Mw(electrica1) 

..- - ..... .... ......... __ 

0.55 

0.37 

0.22 

“Evaporator performance ratio constant  and e q u a l  t o  12. 



5. INDUSTRIAL 

5.1 Introduction 

Electr ic i ty ,  s team,  and water  a re  b a s i c  t o  
nearly a l l  chemical  manufacturing processes ;  
therefore the  opportunity to obtain t h e s e  u t i l i t i es  
a t  low c o s t  should c r e a t e  exci t ing prospec ts  for 
reducing the costs of manufacturing processes  
which make in tens ive  u s e  of them. T h e  purpose 
of the industr ia l  p r o c e s s  s tudy h a s  been to de- 
te tmine which p r o c e s s e s  of i n t e r e s t  a r e  economi- 
ca l ly  a t t rac t ive  with low-cost nuclear  power and 
s team,  and with low-cost  water  when t h e  nuclear  
power plant  h a s  a s s o c i a t e d  with i t  a desal inat ion 
evaporator plant. A secondary a s p e c t  of t h e  study 
h a s  been t o  determine whether additional s a v i n g s  
c a n  b e  achieved by building and operat ing severa l  
different chemical  and manufacturing plants  a t  
a s i n g l e  site where common-use fac i l i t i es  can  be 
shared  and intermediate  or w a s t e  products from 
one p r o c e s s  u s e d  by other processes .  

5.2 Cr i te r ia  for Process Selection 

T h e  cr i ter ia  on which p r o c e s s e s  were s e l e c t e d  
for de ta i led  s tudy  were b a s e d  primarily on  eco- 
nomic factors ;  however, much considerat ion w a s  
a l s o  given t o  t h e  product n e e d s  and export  poten- 
t i a l s  of developing nat ions.  

0 T h e  f i rs t  preference w a s  given to p r o c e s s e s  in 
which a large fract ion of t h e  product c o s t  i s  
a t t r ibutable  to t h e  cost of  e lec t r ica l  power, 
s team,  and/or water. 

e Product ion of nitrogen and phosphorus fertil- 
i zers  w a s  also given high priority because  of 
present  and growing world food n e e d s ,  particu- 
larly i n  the  less industr ia l ly  developed coun- 
t r ies .  Potass ium fer t i l izers  were also con- 
s idered ,  but  not  as extens ive ly  as the other 
types .  

e Similarly, t h e  need for building mater ia ls  s u c h  
as  iron and steel, aluminum, cement ,  and pos- 
s ib ly  p l a s t i c s  i n  developing na t ions  and the  
need for b a s i c  chemica ls  s u c h  as caust ic-  
chlor ine and ace ty lene ,  which would be  used 
by secondary  indus t r ies  throughout the  country, 
were also considered.  

e Products  which c a n  b e  produced from seawater  
were given s p e c i a l  a t tent ion.  In warm arid 
c o a s t a l  regions,  so la r  evaporat ion would prob- 

P ROC ESSE S 

ably b e  the main method used to further con- 
cent ra te  t h e  brine from desalination-evaporator 
eff luent ,  which is a t  l e a s t  twice  as concen- 
trated a s  seawater .  T h e  main economic ad- 
vantage  here  would b e  a s igni f icant  sav ing  in  
s o l a r  potiding c o s t s  over a similar  operation 
t h a t  s ta r ted  with seawater .  In the  la t ter  s t a g e s  
of bi t terns  evaporat ion,  it might b e  more eco- 
nomic to u s e  steam. 

0 Fina l ly ,  the chemica l  n e e d s  of the  desa l t ing  
plant  were considered,  e s p e c i a l l y  in  connec- 
tion with t reat ing t h e  seawater  t.o prevent 
s c a l i n g  of  t h e  evaporator hea t  t ransfer  sur faces .  
Such treatment wil l  be  referred t o  throughout 
the  report merely as seawater  treatment. 

5.3 Process Selections and Descript ions 

B a s e d  on t h e  above cr i te r ia  t h e  production 
c o s t s  for 17 chemica l  products  were evaluated 
with the  use  of a d ig i ta l  computer. T h e  f i r s t  four 
production processes ,  t h o s e  for making electro- 
lytic hydrogen, e l e c t r i c  furnace phosphorus, 
aluminum, and chlor ine-caust ic ,  are highly energy 
(electricity) intensive.  T h e  remaining 13 products  
e i ther  involve the  production of t h e  above products  
by al ternat ive methods s e l e c t e d  for economic com- 
parison purposes  or a re  secondary products; t h e s e  
are hydrogen from steam-naphtha reforming, nitro- 
gen by a i r  liquefaction, ammonia, nitric acid,  
ammonium ni t ra te ,  u rea ,  ni t r ic  phosphate ,  sulfur ic  
acid,  phosphoric ac id  by the  acidulat ion of phos- 
pha te  rock with sulfur ic  ac id ,  alumina, s a l t ,  50% 
c a u s t i c ,  and hydrochloric ac id ,  A number of other 
products and p r o c e s s e s  were a l s o  s tudied ,  al- 
though l e s s  quant i ta t ively and intensively. In- 
c luded i n  t h i s  group are  iron, s t e e l ,  cement ,  mag- 
ne si um, bromine, potassium c: hetnicals  , ace kyle ne, 
and sulfuric: ac id  from s o u r c e s  other  than elemental  
sulfur. 

a t t rac t iveness  of the  p r o c e s s e s  being invest igated 
for t h e  different products ,  costs for highly energy- 
in tens ive  p r o c e s s e s  were  cornpiired when poss ib le  
with t h e  c o s t s  for convent ional  nonelectrolytic 
methods, if ava i lab le ,  of producing e a c h  product. 

In order to  obta in  a measure of the  economic 

1,. Ih is  method is more prevalent in non-U.S. locations,  

The two reforming methods  are corn- 
whereas  steam-methane reforming is the process  of 
choice in the  1l.S. 
pared in sect. 5.5.1. 
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T h e s e  c o s t  comparisons were done in detai l ,  in- 
cluding parametric s t u d i e s  t o  indicate  the most 
advantageous ways of reducing product c o s t s .  
other c a s e s ,  where a competing process  w a s  not 
avai lable ,  a geographic comparison was made on 
the b a s i s  of production i n  a n  a rea  with cheap  
power hut dis tant  from t h e  raw mater ia ls  v s  a 
location near t h e  raw material source.  An ex- 
ample of the  appl icat ion of t h e  f i rs t  evaluat ion 
method i s  the economic comparison of ammonia 
production using hydrogen froin water  e lec t ro lys i s  
v s  the  convent ional  non-United S ta tes  method of 
producing ammonia with hydrogen from steam- 
naphtha reforming. Another example is the  produc- 
tion of phosphoric acid from elemental  phosphorus 
produced in a n  e lec t r ic  furnace vs  phosphoric acid 
production by the  acidulat ion of phosphate  rock 
with sulfur ic  acid.  P.n example of the la t ter  corn- 
parison i s  t h e  production of aluminum from im- 
ported alumina with power a t  2 mills/kvrhr, s u c h  
as is avai lable  in the  northwest United S ta tes ,  v s  
production of both alumina and aluminum with 
power from a n  energy center  located near a bauxi te  
source.  

In 

5.3.1 Fert i l izer Production 

Detai led s t u d i e s  were made on the  production of 
both fertilizer intermediates  and a variety of con- 
ventional fer t i l izers .  T h e  fer t i l izer  intermediates 
considered were hydrogen, from ei ther  the  elec- 
t rolysis  of water or steam-naphtha reforming, and 
nitrogen by air liquefaction, both for u s e  in  am- 
monia synthes is ;  nitric a c i d  from t h e  ca ta ly t ic  
oxidation of ammonia; contac t  process  siilfuric 
acid;  e lec t r ic  furnace phosphorus by the  reduction 
of phosphate  rock with coke;  and phosphoric ac id  
f rom ei ther  t h e  oxidation and hydrolysis  of ele- 
mental phosphorus or t h e  acidulat ion of phosphate  
rock with sulfur ic  acid.  The conventional fertil- 
i zers  s tudied include ammonia, ammonium ni t ra te  
obtained by t h e  neutralization of nitric acid with 
ammonia, urea synthes ized  from ammonia and car- 
bon dioxide, and nitric phosphate  dei ived f r o m  the 
acidulat ion of ph.osphate rock with nitric acid.  
T h e  production scheme for t h e  above  cheinicals  
and fer t i l izers  is shown jn Fig .  5.1. The produc- 

’Natural gas (inethane) is the pr imary souic= in  the 
U.S.; heavy stock from oil ref iner ies  and coal are b c i q  
considered in  India. 

tion of potassii-im chemica ls  and fer t i l izers  is dis- 
c u s s e d  in Section 5.3.3. 

Hydrogen and Amnion;a. - Ammonia is produced 
by the coinpression of a 3 t o  1 mole rat io  of hy- 
drogen and nitrogen to about 2000 t o  11000 ps i ,  with 
the conversion occurring over a mixed-oxide cata-  
lyst. A s  noted above, severa l  soiirces of hydro- 
gen were considered.  T h e  base case involves t h e  
production of hydrogen (and oxygen) by the e lec-  
t rolysis  of water i n  an advanced electrolyt ic  c e l l  
developed on a laboratory s c a l e  by the Allis- 
Chalniers Company. T h e  competitive process  con- 
s idered w a s  the production of hydrogen by t h e  
widely used steain-naphtha reforming piocess. T h e  
use of naphtha, rather than methane, as a source  
of hydrogen in  non-Uiiiied S ta tes  locat ions w a s  
considered b e c a u s e  i t  i s  currently in  e x c e s s  in  
some developing couiltrics or c a n  b e  imported Inore 
economically than natural gas .  An appreciable  
amount of hydrogen is produced in the electrolyt ic  
production of c a u s t i c  and chlorine f r o m  brine; 
therefore, when th is  p r o c e s s  w a s  included in  the  
industr ia l  complex, th i s  hydrogen w a s  a l s o  as- 
sumed t o  be  used  i t 1  ammonia production, thereby 
reducing the water e lec t ro lys i s  requirements. In 
the case where BCI is iiserl for seawater  treat- 
ment, however, th i s  source  of hydrogen is not 
avai lable .  Other hydrogen s o u r c e s  considered 
were  u s e  of a n  advanced De Nora water  electroly- 
sis cell and u s e  of a n  advanced high-teniperature 
gas-phase electrolyt ic  c e l l  being developed by 
the General  Elec t r ic  Company. P a r t i a l  oxidation 
of naphtha (or natural  gas) ,  shif t  react ion of 
s team and by-product carbon monoxide (from the  
e lec t r ic  furnace phosphorus process)  to hydrogen 
and carbon dioxide, and production by the simul- 
taneous oxidation and hydrolysis  of phosphorus 
with stearn were recognized as al ternat ive hydrc- 
gen s o u r c e s  but  were not st-udied. 

B e c a u s e  of t h e  emphas is  in  t h i s  report on t h e  
u s e  of energy-intensive p r o c e s s e s ,  particularly 
for water e lec t ro lys i s  t o  produce hydrogen (and 
oxygen), the  pr inciples  of operation of the  ad- 
vanced De N o r a  and the experimental All is-  
Chalrners and General  Electr ic  cells a r e  briefly 
descr ibed below. It should b e  noted that  none 
of t h e s e  three c e l l s  is presently in  commercial 
use and tha t  present-day technology is limited to 
c e l l s  operating in  the range of 100 to 200 ainp/ft’ 
and using power of 125  to 145 kwhr per thousand 
s tandard cubic  fee t  of hydrogen (-9QOO kwhr per 
ton of ammonia). 
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Ftg.  5.1. S c h e m a t i c  Flowsheet for Production of Nitrogen and Phosphatic Fer f i l i ze r  lntermediates and Finished 
Ferti l izers .  

T h e  generation of hydrogen by water  e lec t ro lys i s  
is a re la t ively old process .  However, recent  con- 
centrated research  in  t h e  field of fuel  c e l l s  h a s  
resul ted in rapid s t r i d e s  in th i s  a rea ,  and the  te- 
sul t ing "spinoff" from this research  h a s  enhanced 
the economic posi t ion of hydrogen production by 
water e lec t ro lys i s ,  which is the reverse  of t.he 
fuel  cell reaction, Out s t u d i e s  have  incorporated 
three l e v e l s  of technology i n  t h e  field: an exten- 
s ion  of present-day technology as represented by 
the  De Nora c e l l ,  near-term technology repre- 
sen ted  by the  Allis-Chalmers c e l l ,  and fat-term 
technology represented by t h e  General  Elec t r ic  
high-temperature vapor-phase ce l l .  Schematic 
diagrams of t h e s e  three t y p e s  of c e l l s  are shown 
in F i g s .  5.2 to 5.4. 

T h e  De Nora c e l l  (Fig. 5.2) opera tes  a t  current 
d e n s i t i e s  up t o  300 amp/ft '  and a t  a temperature 

of 90°C. T h e  products  a re  generated at  atmos- 
pheric pressure.  'This c e l l  is restr ic ted t o  lower 
current  d e n s i t i e s  b e c a u s e  formation and dis-  
erigagerrient of product g a s  bubbles  in the path of 
the current between the  e lec t rodes  i n c r e a s e s  t h e  
internal r e s i s t a n c e  losses of the  cell. T h e  voids  
c rea ted  by gas bubbles  d e c r e a s e  t h e  conductivity 
of t h e  electrolyte .  T h e  manufacturer reports that  
h e  is ready to market t h i s  type of cell at t h e  
present  time; however, none a re  present ly  in in- 
dustr ia l  use .  

T h e  Allis-Chalmers cell (Fig. 5.3) c o n s i s t s  of 
two porous n icke l  e lec t rodes  separa ted  by a thin 
a s b e s t o s  membrane. T h e  main advantage of t h i s  
c e l l  over t h e  De Nora cell is t h e  r e l e a s e  of product 
g a s e s  from the  back s i d e s  of t h e  electrodes.  In- 
ternal r e s i s t a n c e  losses a r e  minimized, s i n c e  the  
path of current through the electrolyte  is not 



filled with voids. T h i s  permits operation a t  much 
higher current dens i t ies ;  4000 amp/ft 
achieved i a  laboratory s tudies .  Cost optiilrization 
s t u d i e s  have indicated that  800 amp/ft represents  
the most economic operating condition; th i s  va lue  
i s  generally used  throughout th i s  study. T h e  pro- 
jected operating temperature of t h e  c e l l  i s  120°C, 
and the product g a s e s  a r e  generated a t  300 psi.. 
The  c e l l  h a s  been  operated i n  modules containing 
up to  ten bipolar c e l l s  a t  a current densi ty  of 
400 amp/f t2  and temperatures  up to  90'C. It re- 
quires  further engineer ing development t o  verify 
the behavior of construct ion mater ia ls  and to 
s tudy the dynamics of full-size c e l l  operation 
under tho proposed operating condi t ions.  

c e l l  shown in Fig. 5,4 i s  a relat ively new con- 
c e p t  i n  water elect.rolysis. T h e  c e l l  i s  bas ica l ly  

h a s  been 

T h e  General Elec t r ic  vapor-phase e lec t ro lys i s  

a sol id-electrolyte  c e l l  which depends  on t h e  
diffusion of oxygen ions through the sol id  elec- 
trolyte from the ca thode  t o  the  anode a t  high tem- 
peratures  --- 1000 t o  1100'C. I t s  main advantage 
i s  the lower reversible  vol tage (emf) required for 
e lec t ro lys i s  a t  t h e s e  high temperatures. T h e  
sol id  e lectrolyte  h a s  a zirconia  b a s e  and i s  doped 
with other ox ides ,  s u c h  a s  yttria or ytterbia, which 
are conducting at high temperatures. The  pre- 
ferred composition a t  present  is 8 to 10 mole % 
(13 t o  14 wt %) yttrium oxide (Y 203)  in  zirconium 
oxide (Zr02),  although future c e l l s  may subs t i -  
tute  ytterbium oxide (Yb,O,) for the  Y,O, be-  
c a u s e  of improved conductivity. However, t h e  
Yb,O, will probably be  a more expens ive  raw 
material. 

the  so l id  e lectrolyte  as  a ca thode  and a proprie- 
For e lec t rodes  the c e l l  uses a nickel  coat ing on 
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Fig.  5.3. Schematic Design of  End C e l l  in A l l i s -  
Chalrners Bipolnr Water Electrolys is  t e l l .  

tary oxide coat.ing a s  t h e  anode. Reducing con- 
d i t ions  must b e  maintained a t  a l l  times on t h e  
cathode to prevent  oxidation of t h e  nickel  coating. 
Therefore, in the e l e c t r o l y s i s  of H,O, a srnall 
amount of hydrogen is introduced into the steam 
k e d  to maintain a reducing atmosphere. ‘This r e -  
qui res  that  a s m a l l  f ract ion (2%) of the  c e l l  product 
be  recycled to t h e  c e l l  in le t ,  where i t  is mixed 
with the s1.eam. 

recycle  hydrogen (H,O/H, = 0.98/0.02) is fed to  
t.he center  tube at 100 to 500°C. It is heated by 
the g a s e s  flowing outs ide  t h e  center  tube to  s o m e -  
where near t h e  operat ing kmpera ture  of 1000 t o  
1100°C. T h e  stearn f lows into the outer tube,  
where it is electrolyzed,  and l e a v e s  the  tube as a 

hi operation, s t e a m  containing a smal l  amount of 

d e n s i t i e s  up t o  3500 amp/ft and temperatures up 
to 1100°C. At th i s  ear ly  stage, costs are highly 
speculat ive.  Much laboratory research  and de- 
velopnieat work is needed on t h e  incorporation of 
individual cells into a modular design.  

The primary nitrogen s ourcx? for the produd.ion 
of ammonia using e lec t ro ly t ic  hydrogen w a s  a i r  
liquefaction and rectificat.ian, which a l s o  produces 
oxygen (partially or ful ly  enr iched)  as  a by-product. 
When hydrogen frorri stearri-naphtha refortiling w a s  
used, t h e  nitrogen was obtained f r o m  the a i r  added 
during t h e  secondary  reforrlier operat ions by clean- 
ing up the  reformer off-gases. %‘heti nitric a c i d  
is manufactured in the complex by burriing airimoriia 
in a i r ,  an al ternat ive s o u r c e  of nitrogen is the  
nitric a c i d  p h t  t a i l  gas .  The total nitrogen re- 
quirement for ammonia s y n t h e s i s  c a n  be met by 
conversion of less than  10% of t h e  produced am- 
monia i o  nitric: acid.  ‘Fhis a l ternat ive resu l t s  in 
reduced c a p i t a l  costs of an ammonia plant us ing  
electrolyt ic  hydrogen. 

Ammonia-Based Fertilizers. - T h e  ammonia 
produced c a n  he  s o l d  direct ly  or converted to 
secondary products  i n  t h e  complex. If the firial 
fer t i l izers  :ire t o  be  used  ;at ;m appreciable  dis- 
t ance  from the complex, transportation cost :;avirlgs 
c a n  be achreved by  sh ipping  the ammonia t o  out- 
lying conversion plants ,  s i n c e  ammonia conta ins  
82% N. 
considered in  this s tudy were nitric ac id ,  ammoni- 
um ni t ra te ,  and urea. Nitrbc a c i d  is produced by 
oxidation of ammonia over a p l a i i n u m  ca ta lys t  
followed by absorpt ion of t h e  nihogen oxides  in 
water. Ammonium ni t ra te  i s  then produced by 
react ing the  nitric a c i d  witti ail equiinoiar amount 
of addi t ional  a m m o n i a .  Urea is manufactured by 
react ing ammonia and carbon dioxide under a 
pressure of about  3500 psig to produce ammonium 
carbamate,  which is dehydrat..ed to produce urea,  
(NH 2 )  ,CO. T h e  ammonium nitrate and urea a r e  
both pmtiuced, ini t ia l ly ,  as aqueous so lu t ions ,  
which are then evaporated,  prilled, mixed with a 
small  amount of iner t  material, and dis t r ibuted as 
bulk or bagged so l id  fer t i l izers .  

T h e  carbon dioxide for urea s y n t h e s i s  c a n  be  
obtained from seawater  treatment with sulfur ic  or 

T h e  nitrogenous scxondaty products 

mixture of hydrogen and s t e a m  (1-12/1-120 z. @.98/0.02). 
‘l’he s team must then b e  condensed  and a smal l  
fraction of t h e  hydrogen recycled t o  the feed. 

merit, and only s ingle  cells have  b e e n  operated in  

tlydrochioric acid or by the ca lc ina t ion  of lime- 
s tone ,  s e a s h e l l s ,  or t.he c Cilcium carbonate  pre- 

The  c e l l  is in the ve ry  ear ly  s t a g e s  oE develop- _____ 
3Plans for iransportirlg a m m o n i a  by pipeline in  the 

the laboratory. I t  h a s  been  operated a t  current  central  U.S. are now b e i n g  implemented. 
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cipi ta ted from seawater  with c a u s t i c  soda.  Other 
soi.irces include t h e  aluminum smelt ing plant off- 
g a s e s ,  which contain 70% CO,, the  shif t  conver- 
s ion of s team and carbon monoxide (from t h e  elec- 
tric furnace phosphorus off-gases) t o  hydrogen and 
carbon dioxide, and t.he combustion of any car- 
bonaceous material. 

Phosphorus and Phosphatic Fert i l izers.  - Three  
methods for processing phosphate  rock to produce 
fer t i l izers  or fer t i l izer  raw mater ia ls  were s tudied.  
The  f i r s t  w a s  the production of elemental  phos- 
piiurus in  a n  e lec t r ic  furnace. In t h i s  process  !he 
phosphate  rock used  may range f rom 23 t o  25% 

P,O,. When t h e  ore must b e  t ransported some 
d is tance ,  grades of 30 t o  35% P,O,  are used.  T h e  
ore is agglomerated by compaction, briquetting, or  
pel le t iz ing and i s  then ca lc ined  or s intered.  
S i l ica  for fluxing high-grade ore i s  siipplied as 
s i z e d  s i l i c a  gravel  or rock from loca l  sources .  
When the  plant is located a t  t h e  mine, s i l i ceous  
phosphate  matrix or ta i l ing may b e  used by ag- 
glomerating it with the  ore. T h e  fue l  for the kiln 

is supplied by using a portion of the carbon 
inonoxide off-gas from t h e  e lec t r ic  furnace. Next 
the  agglomerated, calcined rock i s  mixed with dry 
coke and lump s i l i c a  rock and i s  f e d  continuously 
t o  a n  e lec t r ic  furnace which i s  powered with 
1000-v ac and uses baked carbon electrodes.  I n  
the furnace the  phosphorus in  the phosphate rock 
is reduced t o  e lemental  phosphorus,  which i s  
volat i le  at the  furnace temperature. It then 
p a s s e s  overhead with t h e  carbon monoxide off- 
g a s ,  from which i t  is condensed  to  liquid phos- 
phorus i n  a spray condenser .  Large  amounts 
(> 10 t o n s  per ton of P4> of calcium s i l i c a t e  s l a g  
and s m a l l  amounts  (-150 l b  per ton of P4) of 
ferrophosphorus a re  also produced a s  by-products 
in the furnace and are tapped off several t imes a 
day. 

T h e  elemental  phosphorus c a n  h e  shipped to 
off-site fer t i l izer  plants  01 converted in the com- 
plex to phosphoric ac id ,  phosphat ic  fer t i l izers ,  
or mixed nitrogen-phosphate fe i t i l izers .  However, 
transportation of t h e  product lo t h e  poidt of u s e  
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as elemental  phosphorus is highly a t t rac t ive  
s i n c e  it is equiva len t  to  229% P,O, and c a n  b e  
shipped i n  mild-steel t ank  cars .  Oiie ton of phos- 
phorus i s  equivalent  i n  phosphorus content  to 5 
tons  of triple superphosphate  or 7 tons  of high- 
grade phosphate  rock. Conversion t o  phosphoric 
a c i d  requires  oxidat ion oE the  phosphorus with a i r  
or oxygen and hydrolysis  of t h e  resul t ing phos- 
phoriis pentoxide with water. Alternatively, oxi- 
dat ion and hydrolysis  c a n  h e  done concurrent ly  
with s t e a m  to produce hydrogen as a by-product. 

The second method s tudied  w a s  the  widely used  
wet ac id  p r o c e s s ,  based  on the acidulat ion of 
phosphate  rock with sulfur ic  ac id ,  which produces 
phosphoric ac id  direct ly .  T h e  sulfur ic  acid w a s  
produced f rom sulfur  dioxide,  obtained by burning 
sulfur ,  by t h e  contac t  process .  In the wet  a c i d  
process ,  high-grade phosphate  rock is reacted with 
concentrated su l fur ic  a c i d  to so lubi l ize  the phos- 
phate  content ,  which is recovered in  the  f i l t ra te  
as phosphoric a’cid. T h e  res idua l  precipi ta te ,  a 
mixture of calcium s u l f a t e  and silica, is discarded.  

T h e  third method involves  the  acidulat ion of 
phosphate  rock with nitric acid (followed by am- 
moniation arid precipi ta t ion of calcium with carbon 
dioxide) to  produce ni t r ic  phosphate  fertilizer 
with a nominal composi t ion OF 27-14-0 (ref.4). 
Alternatively, the products  From t h i s  process  c a n  
be  ni t r ic  phosphate  with a coinposition of 23-23-0 
and ammonium nitrate, in  a ratio of approximately 
3 t o  2. In e i ther  case calcium carbonale  is a by- 
product which c a n  be ca lc ined  to produce nearly 
a l l  the  carbon dioxide required in i.he p r o c e s s  
The ni t r ic  phosphate  c a n  be  dis t r ibuted ei ther  as  
bulk or bagged product. 

5.3.2 Metals Production 

Three s t u d i e s  on t h e  production of metals  
(aluminum, iron and s t e e l ,  and  magnesium) were  
made. Alumiriurn w a s  s tudied  intensively;  less 
thorough s t u d i e s  were made €or iroii and s t e e l  a n d  
for magnesium. ‘The iron and s t e e l  s tudy’  w a s  
limited by the  f a c t  tha t  although a number of 
a l lornat ives  t o  the  convent ional  (b las t  furnace, 

. . . . ....... 

4Staniiard des igna t ion  for fer t i l izers ,  i n  wh ich  27-11-0 
m e a n s  the  above fertilizer conta ins  275” N, 14% P 0 2 5’ and WO K 2 0 .  

contained in ORNI.,4291, past I (to be published). 
”Study prepared b y  A. M. Squires; compktc report 

coke  oven,  and b a s i c  oxygen furnace)  s teelmaking 
sys tem have been  tes ted ,  insuff ic ient  econornic 
d a t a  are present ly  ava i lab le  on many of the  al- 
ternat ives  t o  make complete  comparisons. A 
rather complete survey of s e v e n  a l te rna t ives  was  
made; however, t h e  economic par t s  of the s t u d i e s  
were limited t o  a comparison of approximate capi- 
t a l  costs and electrode,  fuel, and electr ic i ty  c o s t s .  
Production o f  magnesium w a s  also stirdieti quit.e 
ex tens ive ly ,  and cos t  d a t a  have  b e e n  accumulated. 
Unfortunately, receipt  of t h e s e  data w a r  too l a t e  
t o  permit the writing Qf a computer c o s t  c o d e  and  
the evaluat ion of the var ious c o s t  parameters. A 
schemat ic  f lowsheet  for metals  production is given 
i n  F ig .  5.5. [n th i s  f lowshee t  t h e  s ta r t ing  material 
for magnesium production is anhydrous magnesium 
chloride, production of wiiich is d i s c u s s e d  i n  
Sect. 5.3.3. T h e  circled numbers on the iron and 
s t e e l  portion of the f lowsheet  ind ica te  the  route 
of t h e  al ternat ive sys tems.  

Aluminum. - Product ion of alumina and alumi- 
num was assumed to be by t h e  Bayer and Hal l  
p r o c e s s e s ,  respec t ive ly ,  both of which are used,  
with minor var ia t ions,  a lmost  universally. A 
number of a l ternat ive p r ~ l c e s s e s  a r e  nnw under 
development by var ious aluminum companies ,  but 
none is ye t  i n  industr ia l  USE. It wit:; further 
assumed that  low-cost nuclear  power wotiId make 
competition from nonelectrolyt ic  p r o c e s s e s  now 
under development less iriimediatc:. 

In the  Eayer  process ,  bauxi te  is ground and 
reacted wit11 aqueous <:;iustic soda a t  e leva ted  
temperatures (‘, 1 7 5 T j  and pressures  (,‘, 100 psi& 
to produce so luble  sodium aluininate, which is 
filtered off. T h e  so l id  w a s t e ,  ca l led  “red mud,” 
conta ins  a mixture of iron, titanium, and s i l icon  
oxides  plus  small  a m o u r i t s  of alumina and c a u s t i c  
soda .  T h e  alumina is precipi ta ted from the  sodium 
aluminate f i l t ra te  by s e e d i n g  t h e  cooled solut ion 
with fine alumina c r y s t a l s  and ,  occasional ly ,  by 
sparging the  solut ion with carbon dioxide. 
precipi ta ted alumina is recovered by filtration and 
washing and is f inal ly  ca lc ined  at %00O0F t o  re- 
move combined wai.er. The  dry alumina i s  then 
fed to t h e  Hal l  aluminum refimiig process ,  where 
it is d isso lved  in rnolten synthe t ic  cryol i te  a t  
1000°F and electrolyt icai ly  reduced t o  aluminum 
metal. T h e  off-gas f rom t h e  reduction c e l l s  i s  
predominantly carbon dioxide, which may  b e  usefu l  
in  urea s y n t h e s i s .  A s  i s  customary in  most aluminum 
 plan!^, the plant  also inc ludes  a n  anode manu- 
facturing faci l i ty  where the  carbon anodes  a r e  

T h e  
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made f r o m  petroleum coke ,  pitch, and anthraci te  
coal .  About !i2 ton of anode is required t o  pro- 
duce  1 ton of aluminum. T h e  molten aluminum is 
finally tapped off s e v e r a l  times a day and e i ther  
c a s t  into ingots  or fed to  a n  ad jacent  aluminum 
fabrication plant. 

Iron and Steel. .-- Compared with the aluminum 
production method descr ibed above,  iron and 
steel production s y s t e m s  are very complex and 
require a se lec t ion  among a number of a l ternat ives  
T h i s  will be particularly true for developing 
countr ies ,  where the steel-producing capac i ty  re- 
quirement is l ikely t o  be  below the  leve l  a t  which 
b las t  furnaces  and coke  ovens  a re  economic - a 
capaci ty  in the  order of s e v e r a l  million tons of 
s t e e l  a year. 

In our s tudy ,  s i x  "routes" t o  s t e e l  were com-  
pared with a n  advanced b las t  furnace technology. 

1 -  
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T h e  routes  a r e  shown in Fig.  5.5 by the  circled 
numbers. It w a s  assumed f i rs t  that  i n  the  b las t  
furnace  b a s e  case the  new advances  in  b l a s t  
furnace technology, made over the pas t  t en  years ,  
wil l  he  carried to their logical  maximum advantages  
and that  some incipient  innovat ions,  such  as t h e  
use  of 27% oxygen rather than air  as b las t ,  will 
be  fully implemented. Conversion t o  s t e e l  for the  
b a s e  sys tem w a s  assumed to  b e  achieved by t h e  
u s e  of ex is t ing  or improved Linz-Donawitz (LD) 
b a s i c  oxygen furnaces ,  which a re  rapid1.y sup- 
planting t h e  open-hearth furnace both in  the United 
S ta tes  and overseas .  

T h e  various a l te rna t ives  were divided into near- 
term, intermediate-term, and far-term sys tems for 
both iron and s t e e l  production. T h e s e  probably 
represent general  industr ia l  acceptance  i n  10, 
15, and 20 years  respect ively.  

OC(NL-DWG 6 8 - 1 l O R 2 A  
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Fig.  5.5. Schcnmtic F l o w s h e e t  for t h e  Production of Aluminum, Magnesium, and Iron and Steel .  
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T h e  near-term pig-iron production method WBS 

based  on t h e  u s e  of a traveling-grate preteduction 
furnace developed a t  Bat te l le  Memorial Inst i tute  
followed by a n  e lec t r ic  pig furnace. Both methods 
are now in limited use. T h e  traveling-grate s y s -  
tem w a s  c h o s e n  over t h e  var ious preredudion  kiln 
methods because  kiln-type operat ions provide poor 
hea t  and m a s s  transfer. 

T h e  i n  te  rm ediate-term iron- making method 
chosen  for s tudy  w a s  t h e  g a s e o u s  reduction 
p r o c e s s e s ?  for iron ores  i n  which the  ore  is re- 
duced to powdered iron with hydrogen in  a Eluidized 
bed. 'These p r o c e s s e s  have  been  fully pilot planted 
and have  been used  on a smal l  industr ia l  scale by 
the Bethlehem Stee l  Company and by Uniled S t a t e s  
S tee l  Corporation. Product ion of hydrogen by both 
steam-methane reforming and water  e lec t ro lys i s  
w a s  s tudied;  the la t ter  method h a s  the  advantage 
of s imultaneously producing oxygen for subse-  
quent u s e  in s teelmaking.  An intermediate-term 
al ternat ive to  t h e  hydrogen-reduction process ,  
which was considered,  w a s  t o  only partially re- 
duce  the  iron ore  with hydrogen in  a f luidized bed 
and to  convert th i s  product to a pig-iron powder 
by carbiding with carbon monoxide from t h e  
Eihosphorus-I)rooZucing e l e c t r i c  furnace. 

As an example of a Ear-term iron-making sys tem,  
the Eketorp furnace,  now being pi lot  planted, vias 
evaluated.  In t h i s  process ,  ore is admitted to  a 
spinning d i s k  a t  t h e  top of a furnace,  drops as a 
curtain through a high-temperature reducing at- 
rnosphere, where i t  is reduced to metal, and falls 
into a pool  of pig iron being sparged  with fuel  oil 
ti) produce t h e  reducing g a s  s t ream above the pool. 

T h e  near-term steelmakirrg s y s t e m s  considered 
were a n  advanced vers ion of the  widely used  LA1 
oxygen furnace mentioned above and,  a l ternat ively,  
a n  advanced-type e l e c t r i c  s t e e l  furnace. T h e  
intermediate-term method considered w a s  u s e  o f  
an advanced Kaldo oxygen furnace which is pres- 
ent ly  in industr ia l  u s e  on a limited scale. T h e  
far-term s y s t e m  employed a spray  s teelmaking 
furnace present ly  being pi lot  planted in Great 
Britain by the  Bri t ish Iron and Stee l  Research  
A s s t x i a t i o n  (BISRA). In t h i s  process, molten 
p ig  iron is run through water-cooled nozz les  in  t h e  

6NcWane C a s t  Iron Pipe Co. IS now bu~ ld i i i g  a 

7The H-11 on process, developed by Hydrocarbon Re-  
travelinrl;-grste prereduction p lan t  a t  Mobile, Ala.  

search, Inc., and Bethlehem Steel  Cu., dnd the Nu Iron 
process, developed by United States Stzel Corp. 

top of a furnace where it is atomized with oxygen 
and converted to  steel i n  a few milliseconds. 

T h e  s i x  al ternat ive overa l l  iron and s t e e l  s y s -  
tems shown in Fig.  5.5 a r e  various combinations 
of the  iron- and s teelmaking methods enumerated 
above. Since i t  w a s  assumed that  t h e  s t e e l  pro- 
duced by all the above  p r o c e s s e s  would have 
about  the  s a m e  composition, only a s ingle  ad- 
vaticed method w a s  considered for converting the  
molten s t e e l  t o  usable  products .  T h e  method 
s tudied employed cont inuous c a s t i n g  and advanced 
rolling-mill pract ices .  Providing i-l rolling mill 
with one or more cont inuous c a s t i n g  furnaces  re- 
d u c e s  the  size and cost of t h e  rolling mill by 50 
to 65%. 

produced by the  fused-sal t  e lec t ro lys i s  of an- 
hydrous magnesium chlor ide (see Sect. 5.3.3) a t  
about 1.400"F. With 92% pure MgCI,, 4.4 tons  of 
th i s  s a l t  is required to  produce 1 ton of magnesium 
metal and 2.7 t o n s  of chlorine. 'The c e l l  feed 
should contain a minimum of su l fa te  (<0.05%) and 
boron (%: 0.002%) b e c a u s e  t h e s e  impurities a re  
detrimental to e lec t ro lys i s .  On the other hand, 
di luent  s a l t s  s u c h  as  NaCl, CaCl,, and KCI i n  
approximately equal  proportions are permissible  
up to a total  of 8 to 10% of the  c e l l  feed cornpo- 
s i t ion.  T h e  cell bath should contain S to 25% 
MgCl,, with the  ba lance  comprised of the above 
di luent  s a l t s ,  t o  achieve  a high densi ty .  T h e  
e lec t r ica l  power requirement i s  17,000 kwhr per 
ton of produced magnesium metal. The economics 
of magnesium metal  production a r e  reviewed, a long 
with the c o s t s  of t h e  recovery of chemica ls  from 
solar s a l t  bi t terns ,  i n  Appendix 5A. 

Magnesium. - Magnesium metal  arid chlor ine a r e  

5.3.3 Production of Chemicals from Seawater 

T h e  third general  group of industr ia?  chemical  
p r o c e s s e s  s tud ied  were those which would he 
assoc ia ted  with a seawater  evaporat ion plant. 
T h e s e  jnclude: 

1. seawater  treatment with hydrochloric: ac id ,  
caiist ic s o d a ,  or both to prevent  scale forma- 
tion on the  evaporator h e a t  !.ransfer surfaces;  

2. salt  production by solar evaporat ion of t h e  con- 
c e d r a t e d  seawater  evaporator effluent; 

3 .  c a u s t i c  and chlor ine production by brine elec- 
t rolysis  for seawater  treatment or s a l e ;  

4. process ing  of t h e  bi t terns  from the  solar s a l t  
works to recover magnesium chlor ide,  magnesia ,  



so 

lime,  gypsum, potassium chemica ls ,  bromine, 
and su l fa tes ,  and possibly the production of 
cement arid sulfur ic  acid.  

‘This four-part s y s t e n  is shown in Fig.  5.6. In 
th i s  s tudy it w a s  assumed that  only part of the  
produced s a l t  i s  used  for caust ic-chlor ine produc- 
tion and that the remainder is sold.  Although s o l a r  
evaporation of the bi t terns  is shown,  we bel ieve 
that additional s t u d i e s  may show that  evaporation 
using low-cost s team from the nuclear s ta t ion  may 
be more economical. P a r t  or a l l  of t h i s  sys tem 
would very l ikely be  included in any  arid s e a s i d e  
complex which produced an appreciable  amount of 
fresh water. Use of equimolar amounts of NaOK 
and HC1 for seawater  treatment appears  l e s s  ex- 
pensive than other methods, including the con- 
ventional H,SO, method. When HC1 or NaOM 
treatment a lone is employed, t h e  c o s t  advantage i s  
l e s s  obvious when t h e  by-product c a u s t i c  or chlor ine 
h a s  no market; however, if markets do ex is t ,  u s e  of 
t h e  la t ter  methods can  b e  even cheaper  t h a n  t h e  
equimolar method. for example, in  a non-United 
S t a t e s  complex, seawater  treatment would employ 
HC!, and the by-product c a u s t i c ,  the product in 
demand, would be  so ld  ( s e e  Fig. SA.1, Appendix 
5A). 

Significant s a v i n g s  in  so la r  ponding c o s t s  c a n  
be real ized by further concentration of evaporator 
concentratc  rather than s ta r t ing  with raw seawater .  
For a n  inland industr ia l  complex the  ent i re  sys tem 
would probably be omitted, with t h e  poss ib le  ex- 
ception of brine e lec t ro lys i s  using imported s a l t .  
T h e  la rges t  sys tem considered involved so lar  
evaporation of the  equivalent  of about 150 Mgd 
(million gal lons per day)  of raw seawater ,  which 
is about 6 to  10% (depending on the  evaporator 
concentrat ion ratio) of the  effluent of the la rges t  
evaporators  s tudied (1200 Mgd of fresh water); t h e  
capaci ty  of th i s  sys tem is 5,000,000 tons of s a l t  
per year. 

Solar s a l t  and caustic-chlorine production wil l  
be d i s c u s s e d  briefly below; u s e  of hydrochloric 
ac id  and/or c a u s t i c  s o d a  seawater  treatment and 
the recovery of chemica ls  from the solar  s a l t  
works bi t terns  a r e  a l s o  outlined below and a r e  
d i s c u s s e d  in greater detai l  in  Appendix SA. 

Solar Evaporation of Salt .  A t  an evaporator 
concentration ratio of 2 ,  a seawater  evaporator 
which produces 1000 Mgd of f resh water  wil l  rc- 
jec t  a concentrated brine containing about 6% s a l t  

(NaC1) in  the amount of 250,000 tons  of s a l t  per 
day or 85,000,000 tons lyear .  Therefore, wheie  a 
market e x i s t s  for s a l t  (and/or for caustic-chlorine 
and seawater  chemica ls ) ,  i t  appears  advisable  t o  
process  part of th i s  re jec t  s t ream to recover t h e  
desired products, particularly s i n c e  large s a v i n g s  
in land and land improvement c o s t s ,  which are a n  
appreciable  par t  of the s a l t  production c o s t s .  c a n  
be  achieved.  For example, u s e  of the concen- 
trated brine i n  a l,OOO,OOO-ton/year s a l t  works re- 
duces  the  land requirement from 40,000 to 24,000 
a c r e s ,  a sav ing  of about 6Q%. 

In ordinary so la r  s a l t  production, raw seawater  
i s  passed  through about ten s u c c e s s i v e l y  smaller  
ponds, arranged in  s e r i e s ,  where t h e  s a l t  con- 
centrat ion is slowly built up to the  saturat ion 
point. 
is pumped into c rys ta l l iz ing  ponds,  where approxi- 
mately 75% of the  s a l t  i s  a l lowed to  c rys ta l l ize  
out along with a few percent  of the C a S 0 ,  (1% 
CaSO, in  the f ina l  sa l t ) .  T h e  crystal l ized s a l t  is 
harvested,  washed ,  dried, and s tored  for sale 
and/or for u s e  in  caustic-chlorine production. The  
bi t terns ,  containing potassium, calcium, magne- 
sium, su l fa te ,  bromide, and other ions and about 
25% of the  original s a l t ,  a re  then drained off and 
either discarded or processed  further for recovery 
of one or inore of t h e  above chemicals .  

When the evaporator eff luent  is twice the raw 
seawater  concentrat ion,  t h e  f i r s t  pond is elimi- 
natkd; when i t  is three or  four t imes t h e  raw sea- 
water concentrat ion,  one or two addi t ional  purids 
may b e  eliminated respect ively.  About 11 x l o 9  
ga l  of seawater  is required to  produce 1,000,000 
tons  of s a l t  annually by so lar  evaporation. This 
amounts to  less than 2% of the seawater  fed to a 
nuclear desal inat ion plant that  produces 1000 Mgd 
of f resh water and concent ra tes  seawater  by a 
factor of 2. 

facture of c a u s t i c  and chlor ine,  s a l t  is d isso lved  
in  f resh water to  obtain a sa tura ted  brine, which 
i s  e lectrolyzed i n  a diaphragm c e l l  to  produce 
chlorine, hydrogen, and a c a u s t i c  s o d a  solut ion 
containing a n  equimolar amount of unelectrolyzed 
s a l t .  T h e  caus t ic -sa l t  solut ion is evaporated t o  
50% NaOI-I for s a l e ;  during evaporat ion the s a l t  is 
quant i ta t ively precipi ta ted,  removed by filtration, 
and recycled t o  e lec t ro lys i s .  

Seawater Treatment. - Seawater  treatment prior 
t o  f resh water production by evaporation includes 
(1) the removal of bicarbonate from the seawater  

The saturated s a l t  solut ion then flows or 

Caustic and Chlorine P r s d u c t i ~ n .  - In the nianu- 



, 

I 

L I I 

Ftg.  5.6. Schematrs P r o c e s s  Flowsheet for  ( 1 )  HCi  'NoOH Seawater Treatment, (2) Solar S a l t  Proddct ion,  
(3) Caust ic-Chlor ine Productacn, and ( 4 )  Recavery of Chemisais f rom Bitterns,  
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to prevent the  foimation of alkal ine s c a l e  [ C a C 0 3 ,  
Mg(OI-I),] a t  evaporator temperatures  of 1'70 t o  
180OE' and (2) par t ia l  t o  complete  removal of 
calcium t o  prevent the  precipitation of calcium 
su l fa te  as  anhydrite (CaS0,) if evaporator tem- 
peratures of 260'F and above  are  des i ied .  

At present  the  s tandard seawater  treatment 
method involves the  additi.on of sulfuric acid t o  
coinpletely remove the bicarbonate  ion a s  carbon 
dioxide gas .  Three newer methods have been 
proposed. T h e  onc recommended in th i s  s tudy 
is the u s e  of hydrochloric ac id  and/or c a u s t i c  
soda ;  the  former removes t h e  bicarbonate ion 
alone without the addition of su l fa te  ion, where- 
a s  t h e  latter removes. a l l  the  bicarbonate  and 
23% of t h e  calcium in the seawater .  Use of 
equimolar amounts of hydrochloric acid and 
c a u s t i c  resu l t s  in  minirnurn c o s t  treatment for  
most condi t ions.  'Che second method involves  
the u s e  of the CO, suppress ion  sys tem,  being 
developed a t  ORNL and e l sewhere ,  and t h e  
third uses  the  lime-magnesium-carbonate (LMC) 
process  developed by the  W. W. Grace Chemical  
Company. The  CO, suppress ion  sys tem removes 
all the CO, and up t o  10% of the  calcium; t h e  
I,MC process  removes a l l  the  CO, and about 
70% of the calcium. C o s t s  of t h e s e  four methods 
are d i s c u s s e d  and compared in  de ta i l  i n  hppen- 
dix SA. 

With the HC1-NaOH seawater  treatment method 
the hydrochloric acid i s  produced by recombina- 
tion of hydrogen and chlor ine from brine elec- 
t rolysis .  T h e  c a u s t i c  s o d a  is added to the s e a -  
water as s p e n t  c e l l  e lectrolyte  containing equi- 
molar concentrat ions of c a u s t i c  s o d a  and un- 
e lectrolyzed s a l t .  T h e  use  of equimolar amounts 
of €IC1 and NaOH i n  seawater  treatment consumes 
the  to ta l  output of a caust ic-chlor ine plant  (un- 
l e s s  e x c e s s  is made for sa le ) .  When m o r e  than 
23% of t h e  calcium i n  seawater  must b e  removed, 
t o  a t ta in  evaporator temperatures above  295OF, 
c a u s t i c  s o d a  treatment must b e  augmented by 
the addition of s o d a  a s h  (Na2CO3> produced 
ei ther  by the carbonat ion of c a u s t i c  s o d a  or by 
the  Solvay process ,  which u s e s  s a l t  and ammonia 
(if i t  is not recycled) a s  i t s  raw materials. 

One further advantage of the  HC1-NaOH sea- 
water treatment sys tem is that  i t  permits a wide 
range i n  the  amount of product c a u s t i c  or 

as  in most developing countr ies ,  where c a u s t i c  
s o d a  i s  the more valuable  product, hydrochloric 
acid treatment tvould be  employed. A wide range 
of combinations of s a l e s  requirements c a n  a l s o  
be  met. 

T h e  bi t terns  from a so lar  s a l t  works const i tute  a 
rich source  of potassium chloride or su l fa te ,  mag- 
nesium chloride, and gypsum (CaSO,). T h e  
magnesium chlor ide i s  t h e  raw material for mag- 
nesiurr~ metal  production, and the  gypsum is a 
potent ia l  source  of sulfur ic  acid and portland 
cement. Although the potassium s a l t s  are  used 
in smaller  quant i t ies  than nitrogenous and phos- 
phatic fer t i l izers ,  they are never the less  an im- 
portant ingredient i n  modern-day agricultural 
pract ices .  A ful l  d i s c u s s i o n  of t h e  methods used 
in the recovery of these  products i s  given in 
Appendix 5 A .  

In  order t o  provide a n  idea of the oniounts of 
t h e s e  products which are recoverable ,  the  esti- 
mated daily recoveries  of a l l  products from a solar  
salt works with a capac i ty  of 1,000,000 tons  of 
s a l t  per year a r e  given in Table  5.1. Annual re -  
cover ies  commensurate with so la r  s a l t  works 
having c a p a c i t i e s  of 1,000,000, 2,000,000, and 
4,000,000 tons  of s a l t  per year a r e  a l s o  shown in 
the table .  

Recovevy of Chemicals f rom Solar Salt Bi t terns .  - 

5.3.4 Pia s t i c s  Preaduct ion 

T h e  last group of products considered for s tudy 
w a s  p l a s t i c s ,  which are valuable  in  a developing 
country a s  building mater ia ls  and as  raw mater ia ls  
for secondary industr ies .  
tended that  the  prodi.iction of a number of p l a s t i c s  
be s tudied,  but because  of time limitations, effor ts  
in  t h i s  area were limited t o  a considerat ion of the  
production of some raw mater ia ls  used  i n  t h e  
p l a s t i c s  industry, namely, ace ty lene  and ethylene 
produced from naphtha by t h e  I luls  arc process  or 
by partial oxidation. ' 

Acetylene h a s  been  convei1tionally produced by 
the ac t ion  of water  on calcium carbide produced 
in  e lec t r ic  furnaces  from l imestone and coke.  
More recent ly ,  large-scale  production from petro- 
leum raw mater ia ls  by par t ia l  oxidation with oxy- 
gen and by direct  thermal pyrolysis  h a s  provided 

It was originally in- 

~ -... chlorine avai lable  for s a l e .  In the  United S t a t e s ,  
where chlorine is t h e  product i n  demand, sea- 
water would b e  t reated with c a u s t i c  soda ,  where- 

'This s tudy  made by  Mi. E. Lobo, Consulting Chemi- 
c a l  Engineer.  C o m p l e t e  report  contained in O R N L -  
4291, part 11 ( to  b e  published).  
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Sa l t  (NaC1) 

Bromine 
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T a b l e  5.1, Production Capac i t ies  for Salt and Bittern Chemicals 

Potas s ium sulfnte 

Magnesium 
A s  I!,lgCl, 
A s  Mg metal  

Port land cement  

Sulfuric acid 

Po tas s ium chloride 

hlagne :sium 
A s  MgC1, 
As Me. metal  

Annual Capac i ty  ( tons)  for Pond A r e a *  of - 
Daily .................................. ____ 

Capaci ty* (tons) 24,000 Acres  48,000 A c r e s  96,000 Acres 

30.30 

3 

II ,000, 00oc; 2,000,000 

3,000 6,000 

From Sulfate-Containing Bit terns Process 

80 24,000 48,000 

169 
4 2 

51,000 
12,500 

1 02,000 
25.000 

F r o m  Sulfate-Free Bitterns Process 

1400-l57Od 460,000-52 0, OWd 920,000--1,040, OOOd 

2 h0-3 00 8S,000-100,0~~ 170,000-200,000 

82 27,000 54,000 

390 
94 

128,000 
31,000 

256,000 
62,000 

4,000,000 

12,000 

96,000 

204,000 
5 0,000 

i,840,000-2, uno,ooo" 
340,000--400.000 

108" 000 

5 12,000 
124,000 

~_^__^_.~__~________~~~..........~.........~.......__I_~ -_I 

"For  annual  s a l t  production rate of 1,000,000 tons.  
*At %:I concentrat ion ratio. 
=At  7'5% recovery,  1,000,000 t o n s  of s a l t  per year  requires t h e  evaporat ion of 1.1 x 10'' ga l  of raw seawater .  
%apaci ty  in  IJarrels of cement .  

the raw mater ia l  for petrochemical p r o c e s s e s  
using acetylene a s  a base .  When naphtha or 
heavier hydrocarbon fract ions are used  as t h e  raw 
material, ace ty lene  production is accompanied by 
the product.ion of cons iderable  amounts of ethylene.  

T h e  production of ace ty lene  by the  direct  appli- 
cat ion of e lec t r ica l  energy w a s  f i rs t  commercialized 
a t  the plant  of Chemische Werke Huls ,  Germany, 
j u s t  before World War 11; t h e  feed stock for t h e  
e lec t r ic  arc w a s  mainly methane and  e thane  from 
c o a l  hydrogenation, la ter  supplemented by natural 
gas .  T h e s e  p r o c e s s e s  can  use a wide range of 
feed s t o c k s ,  including vaporizable  liquid hydro- 
carbons as  wel l  a s  gas .  Acetylene is the main 
product, hut e thylene  c a n  he  made a s  a co-product 
by the introduction of naphtha prequench; hydro- 
gen and carbon black are by-products. 

cracking looks t h e  most promising. Hydrogen 
plasnia requires less energy than argon. Water 
vapor with hydrogen a l s o  g i v e s  good resul ts .  

T h e  reported work in the  literature with plasma 

Naphtha requires  less energy per unit of ace ty lene  
than methane does .  The normally liquid feed 
stocks appear  t o  h e  the  most economical, par- 
t icular ly  where u s e  may h e  made of the  othcr un- 
sa tura ted  products ,  s u c h  its e thylene  and propylene. 
Thcre is s t i l l  g rea t  room for improvement both in  
y ie lds  and i n  energy consumiption by further re- 
s e a r c h  and development. There  s e e m s  to be  no 
doubt tha t  s u c h  p r o c e s s e s  would make fruitful 
development projects .  

5.4 Acquisition and Development of 
Technical  and Cost Data  

A great  d e a l  of effort vias expended by t h c  
s tudy group, t h e  numerous rcprescnta t ives  from 
industry, and our c.onsultants in  developing good 
technical  and c o s t  d a t a  for a l l  the p r o c e s s e s  
s tud ied .  Material and hedt  ba lances  were made 
for e a c h  process ,  based  on rea l i s t ic  y ie lds ,  



l o s s e s ,  and utility requirements. Special  s t u d i e s  
were made on electrolyt ic  c e l l  current densi ty  in 
the  case of water e lec t ro lys i s ,  c a t a l y s t  require- 
merits for ammonia and nitric acid s y n t h e s i s ,  the 
effect  of phosphate  rock a s s a y ,  and a number of 
other s p e c i a l  var iables  pecul iar  t o  particular 
processes .  

Similar care  was taken i n  the  development of 
rea l i s t ic  c o s t s  for t h e  var ious p r o c e s s e s  under 
economic condi t ions in the  United States .  Fro- 
c e s s i n g  plant  battery lirnitg capi ta l  investment 
c o s t s  (excluding working capi ta l )  were developed 
for e a c h  process  a t  several c a p a c i t i e s  in order 
t o  determine appropriate cos t  s c a l i n g  factors .  Operat 
ing c o s t s  were developed a s  the sum of the c o s t s  of 
raw materials ,  u t i l i t i es ,  operating and maintenance 
labor and supervis ion,  plant overhead, spec ia l  ma- 
te r ia l s ,  and indirect c o s t s  (including recovery of 
investment, return on investment, and interest  on 
working capi ta l ) .  Raw materials c o s t s  included, 
when necessary ,  shipping c o s t s  t o  the complex. 
Labor c o s t s  were derived from actual  manpower re- 
quirements including fringe Leuefits t imes a n  aver- 
a g e  IJnited S ta tes  wage rate  of $4.00 per hour. Over- 
head was  uniformly taken  as 60% of t h e  total  of 
operating and maintenance labor and supervis ion.  In- 
direct  c o s t s  did not specif ical ly  include insurance,  
loca l  t a x e s ,  or corporate incoriie t a x e s  b e c a u s e  
t h e s e  c o s t s  would b e  difficult to  extrapolate  la ter  
t o  non-IJnited S t a t e s  condi t ions.  Recovery of in- 
vestment was  computed by the sinking-fund al lowance 
method assuming annual  end-of-year payments for 
15 years .  Return on investment was determined on 
a n  annual b a s i s  a t  s imple interest .  In a l l  bui lding 
block and industr ia l  complex c a s e s ,  working capi ta l  
w a s  taken equal  to 60 days  to ta l  (direct and indirect)  
operating c o s t s .  G r o s s  bat tery limit manufacturing 
c o s t s  were obtained a s  the s u m  of a l l  prior c o s t s  
plus  t h e  computed interest  on working capi ta l .  By- 
product c red i t s  were not assumed in arriving at  
net  manufacturing cos ts .  

In the building block and industr ia l  complex 
c o s t  computations, all industr ia l  p lan ts  were 
assumed t o  have  a 15-year life and no end-of-life 

'Battery limit c o s t  includes c o s t  of production faci l i ty  
only and exc ludes  off-site or support faci l i ty  c o s t s  such  
a s  power plant;  maintenance shops ;  administrative,  f i re ,  
safety,  health,  and securi ty  needs ;  railroads; roads;  
water  and sewage faci l i t ies ;  e tc .  
in de t a i l  in s ec t .  5.6.1 

T h e s e  are  d i s c u s s e d  

value. T h e  15-year life w a s  c h o s e n  io reflect ex- 
pected process  obsolescence  rather than the  
wearing out of equipment. T h e  conversion of 
United S t a t e s  c o s t s  t o  non-United States. condi- 
t ions  has  already been  d i s c u s s e d  i n  Chap. 3 .  

5,4.1 T e c h n i c a l  and E c o n o m i c  P a r a m e t e r s  and 
Computer Cades 

A s  noted previously the  production of 1'7 products 
w a s  s tudied intensively.  T h e  technical ,  and more 
particularly the  economic, d a t a  obtained for t h e s e  
p r o c e s s e s  and products were suff ic ient  to  eva lua te  
rea l i s t ic  manufacturing c o s t s  for a number of pa- 
rameters, which w i l l  b e  enumerated and explained 
below. In order t o  make a s  complete  a n  evaluat ion 
as  poss ib le  in  the  limited time ava i lab le ,  com- 
puter c o d e s  were developed and used to  eva lua te  
all reasonable  s e t s  of parameters. T h i s  sec t ion  
presents  a summary of t h c  parameters that  were 
evaluated for t h e  var ious products. 

United S ta tes  condi t ions)  were suppl ied by our 
consul tan ts  and the  members of the cooperating 
companies  l i s ted  in Appendix 1. We bel ieve that  
the c o s t  d a t a  are representat ive of t h e  various 
industr ies  s tudjed but a re  not  spec i f ic  for a given 
company within the industry. 'Thus it is our  
opinion that  the  c o s t s  given here are  rea l i s t ic  for 
plants  of the  c a p a c i t i e s  s tud ied ,  s i n c e  they were 
obtained from consul tan ts  and company repre- 
sen ta t ives  rather than  from published sources .  

For those  readers  who iilay wish t o  obtain a 
more de ta i led  understanding of the  computational 
methods used in our s t u d i e s ,  a full review of t h e  
procedures, including a brief descr ipt ion of the  
computer c o d e s ,  is presented in  a companion 
report. T h i s  report a l s o  provides numerous 
tab les  which wil l  enable  the reader t o  obtain, 
e a s i l y  and quickly, any  of the  manufacturing c o s t s  
(obtained in  t h e  computer runs)  for any va lues  of 
the parameters considered.  

In nearly all cases t h e s e  b a s i c  c o s t  d a t a  (under 

5.4.2 Summary of P a r a m e t e r s  

T h e  f i rs t  parameter considered for the  var ious 
processes  w a s  plant  capaci ty .  In general ,  a 

'1-1. E. Goellcr,  Tables for  Computing Manufacturing 
Costs of Industr ia l  Products  in an  Agro-Zndustrial 
Complex ,  ORNL-4296 (to b e  published).  



lower limit w a s  e s t a b l i s h e d  for e a c h  product, b a s e d  
primarily on the  capac i ty  under today's technology 
below which i t  w a s  found that  product manufactur- 
ing costs would b e  too high to  compete  in  the  
present  or  future  markets. 
capac i ty  limit w a s  s e t  at a va lue  b a s e d  on a de- 
veloping country's capac i ty  t o  consume a par- 
t icular  product in  the future or t o  compete  on  the  
export market. In any one computer run, s e v e n  
c a p a c i t i e s  c a n  be compared, but in  nearly all 
cases only four were eva lua ted  (five were evalu-  
a ted for so la r  sal t ) .  

T h e  s e c o n d  parameter w a s  utility (e lectr ic i ty ,  
prime and exhaus t  s t e a m ,  and process  wat.er) 
c o s t s .  The ranges  for t h e  var ious utility c o s t s  
were es tab l i shed  by examining nuclear  reactor 
and desa l ina t ion  evaporator  technologies; f u  11 
d iscuss ion  of t h e  u t i l i t i es  c o s t  ra t ionale  is given 
in  Chap,  4 and i n  Appendix 4A. T h e  computer 
c o d e s  used i n  the indus t r ia l  s t u d i e s  c a n  a c c e p t  
four costs for e a c h  ut i l i ty  per run. T h e  e lec t r ic i ty  
c o s t s  used  i n  most ca lcu la t ions  were 1, 2,  4, arid 
8 d l s / k w h r .  Comparable prime and exhaus t  
s team c o s t  s e t s  used  were  6, 16, 30, and SO$ and 
2 ,  6 ,  15, and 25$/i\lMBtu (million Rtu) respect ively.  
'The four b a s e  c o s t s  used  for p r o c e s s  water were 
7, 12,  30, and  S8$/1000 gal. Single c o s t  va lues  
weIe used  for cool ing water  and  fossil fuel; the  
v a l u e s  general ly  used  were  2@/1000 gal  and 
SO$/MMBtu respect ively.  

Another parameter s tudied was c o s t  of money, 
expressed  a s  an in te res t  ra te .  T h e  computer code  
c a n  a c c e p t  four in te res t  r a t e s  during a s ingle  run; 
i n  a l l  cases rates of 2.5, 5, 10, and 20%/year 
were used. This range w a s  chosen  to represent  
ant ic ipated acceptab le  rates of return on invest- 
ment both i n  t h e  United S t a t e s  and overseas .  

Raw mater ia ls  c o s t s  for !a.rge bulk purchases  
were also a parameter in t h e  computations; up t o  
four va lues  e a c h  were used  for: naphtha for 
ammonia s y n t h e s i s ,  sulfur for sulfur ic  ac id  manu- 
faci.ure, phosphate  rock for phosphoric acid pro- 
duction (by both the e lec t r ic  furnace phosphorus 
and wet  ac id  p r o c e s s e s )  and for ni t r ic  phosphate  
manufacture, bauxi te  for a lumina and aluminum 
production, alumina (two va lues)  for aluminum 
manufacture, and salt.  for caust ic-chlor ine produc- 
tion by brine e lec t ro lys i s .  

Several  other paraiiieters were used for s p e c i f i c  
p r o c e s s e s ;  for example,  four e lectrolyt ic  c e l l  
current  d e n s i t i e s  were used  for water  e lec t ro lys i s  
in Allis-Chalmers cells and f ive  for General  

Similarly, t h e  upper 

Elec t r ic  c e l l s .  Phosphate  rock a s s a y  w a s  also a 
variable, but u s e  o f  ii second a s s a y  required a 
second computer run. 

put w a s  production cost per  ton of product in 
terms of the previously enumerated parameters. 
Output for industr ia l  complex computations w a s  
in  annual  product c o s t s  and values .  T h e  building 
block economic a n a l y s e s  were usual ly  based  on  a 
comparison of production c o s t s  for each  product 
under two condi t ions.  In some cases (NX-I, arid 
H,PO,) producrion by a n  advanced (prefetably 
electrolyt ic)  method w a s  compared with production 
by the  present ly  most-used technique. Where a n  
al ternat ive production method w a s  not avai lable  
(aluminum), a n  attempt w a s  made to make a com- 
parison 011 geographic or other grounds, as dis-  
c u s s e d  in Sect. 5.3. 

Tn all ca lcu la t ions  the f inal  bui lding block out- 

5.4.3 On-Sirearn Ef f ic iency  and Plant R e l i a b i l i t y  

In general ,  few industr ia l  plants  operate e i ther  
absolutely cont inuously O K  a t  full capac i ty  at all 
t imes .  In order to t a k e  t h i s  inio account  in our 
a n a l y s i s ,  an on-stream ef i ic iency  factor, based  
on experience in  t h e  var ious chemical. and metal- 
lurgical  indus t r ies  s tud ied ,  w a s  used. The on- 
s t ream eff ic iency factor employed for ammonia 
and ammonia-derived fertilizer ma.nufacture and 
for caustic-chlorine production was 0.95. For 
production of phosphoric ac id  both by the  wet  
acid p r o c e s s  and from e l e c t r i c  furnace phosphotus ,  
a factor  of 0.93 w a s  used. T h e  factor for t h e  
s o l a r  s a l t  works w a s  0.91. T h e  aluminum produc- 
tion faci l i ty  w a s  assumed to  h a v e  a n  on-stream 
eff ic iency fac tor  of  1.00. In the  industr ia l  com- 
plexiii g ca lcu la t ions  an overal l  average  on-stream 
eff ic iency of 0.95 w a s  employed. 

With regard to  re l iabi l i ty  and the  s e r i o u s n e s s  of 
shutdowns,  there  appears  to b e  considerable  
var iance from industry to i n d u s t y .  Water or brine 
e lec t ro lys i s  p lan ts  which produce hydrogen (and 
oxygen) and caustic-chlorine (and hydrogen), re- 
spec t ive ly ,  c a n  be s h u t  down ei ther  purposely or 
by a power outage with prac!ically no ill effects .  
They c a n  then b e  s t a r t e d  back up in, a t  most ,  an 
hour. T h i s  charac te r i s t ic  permits such plants  to 
ut i l ize  lower-cost off-peak or interruptable power 
very effect ively.  A brief s tudy was made on t h e  
production of ammonia from off-peak power and 
wil l  be d i s c u s s e d  later. Ammonia plants  cannot 



be readily shut  down and restar ted,  because  they 
operate at high pressure and intermediate tempera- 
ture. Res ta r t s  take s e v e r a l  hours, particularly if 
t h e  equipment h a s  cooled off and pressure h a s  been 
lost  following the  shutdown. 

Problenis i n  e!ectric furnace phosphorus opera- 
tion and aluminum smelt ing a r e  more s e v e r e  be- 
c a u s e  both of t h e s e  p r o c e s s e s  operate  a t  higher 
temperatures. When power to  a phosphorus e lec t r ic  
furnace i s  los t ,  the furnace and i t s  contents  s t a r t  
to cool  down, the ra te  of cool ing being a functioii 
of the s i z e  of furnace. A smal l  furnace (30 tons/  
day) would have to be restar ted in 24 h r  to  pre-  
vent  sol idif icat ion of t h e  furnace contents ,  whereas  
a very large furnace (-300 t o n s j d a y )  could prob- 
ably be restar ted readily a f te r  a power outage of 
severa l  days.  Once a furnace charge h a s  sol idi-  
f ied,  res tar t ing will t ake  up t o  a day ,  being l e s s  
for small  furnaces .  Considerable  time-consuming 
rodding of the  furnace charge to  free the e lec t rodes  
i s  required; s i n c e  the furnaces  are very rugged, 
a “freeze-up” d o e s  l i t t le  damage, and the need 
for repair or replacement of equipment a s  the  re- 
s u l t  of a shutdown i s  unlikely. 

a l s o  appl ies  to  e lectrolyt ic  aluminum smelting 
pots. Freezr -up  t imes 3re shortei ,  and,  because  
the pots  a re  carbon l ined,  equipment damage i s  
iiluch more likely. Thus  every effort i s  made t o  
keep the power flowing to  an aluiiiinurn pot line, 
and the extra  c o s t s  for a l ternat ive sources  of 
e lectr ical  power are generally considered just i -  
fiable. In the  event  of a power outage, extreme 
ef for t s  are made t o  res tore  a t  l e a s t  half power 
within 2 to  3 h r ;  th is  s u p p l i e s  enough power t o  b e  
rotated among the various pots  or pot l ines  to  s low 
the cool ing process .  After 6 to  8 hr, power must 
be brought up t o  75% of ful l  power t o  make th i s  
technique effect ive,  and af ter  16 t o  24 hr, even  
th i s  method is futile. T h u s  after a day  a t  l e s s  
than nearly full power the pot  conten ts  will 
f reeze,  and a n  expens ive  time-consuming period 
of 20 t o  30 d a y s  is required to get the  plant back 
in production. All the  cryol i te  and aluminuiii m u s t  
be removed and e a c h  pot inspec ted .  About 10 t o  
15% of the pots  must be  relined b e c a u s e  of dam- 
aged l inings.  
rilally conta ins  about a 3 t o  5% e x c e s s  of smelt ing 
pots  in order that  a few c a n  always be out of 
se rv ice  t o  b e  relined; relining is required every 
one to two years .  

Much of what h a s  been s a i d  for e lec t r ic  furnaces  

4 n  aluminum smelt ing plant nor- 

B a s e d  on the  above d i s c u s s i o n  i t  i s  our opinion 
that an ammonia plant us ing  clectrolyt ic  hydrogen 
and a caustic-chlorine plant  c a n  be  adequately 
run from a s ingle  power reactor. In the  c a s e  of 
phosphorus-prodncing e lec t r ic  furnaces  and par- 
ticularly for a n  aluminum siiielting plant ,  the  re-  
liability provided by dual  power reactors  or a 
s ingle  reactor tied to a large grid is very desirable .  

T h i s  sec t ion  presents  typical  resu l t s  of the  
industr ia l  building block c o s t  s tud ies .  Two types  
of resu l t s  are given: f i rs t  t h e  resu l t s  which were 
obtained using a computer to eva lua te  manufac- 
turing costs under condi t ions i n  the  United S ta tes  
for hydrogen, ammonia, phosphorus,  phosphoric 
ac id ,  alumirium, s a l t ,  and c a u s t i c  and chlor ine,  
with their assoc ia ted  products ;  and second,  t h e  
resu l t s  of s t u d i e s  made i n  more general  ternis 
without t h e  a s s i s t a n c e  of  a computer o n  s u c h  
products a s  magnesium, bromine, and potassium 
from sealua,ter, iron and s t e e l ,  and acetylene v ia  
the arc  process  and the partial oxidation process .  

5.5.1 Computer-De-ived Manufacturing Costs for 
Anlm~.~nin, Phosphoric Acid,  Alurninui*~, a.id 
Caust ic an$ Cklo;iu~c aiad Associated 
Prod wets 

In the processes  s tud ied ,  often only one of the 
major c o s t  components is controlling in the over- 
a l l  production c o s t  of a spec i f ic  product. T h i s  
trend is borne out i n  F igs .  5.’7n-dJ which show the 
c o s t  contribution t o  the to ta l  production c o s t  of 
raw mater ia ls ,  e lectr ic i ty ,  labor, other materials, 
and indirect (capi ta l )  c o s t s  v s  power c o s t  for four 
products: ammonia from electrolyt ic  hydrogen, 
e lectr ic  furnace phosphorus, aluminum ingot from 
the electrolyt ic  reduction of alumina, and chlor ine 
from brine e lec t ro lys i s  respect ively.  Figure 5.7a 
shows that  e v e n  a t  low power costs ,  the c o s t  of 
electr ic i ty  i s  the  m a j o r  c o s t  component in t h e  
production of aiiirnoilia from electrolyt ic  hydrogen 
and that  a t  high power c o s t s  (7 t o  8 mills/kwhr) 
it overshadows a l l  other c o s t s .  In F ig .  5.7b i t  i s  
readily s e e n  that  in the  production of e lec t r ic  
furnace phosphorus the  raw mater ia ls  c o s t  i s  con- 
trolling a t  a l l  power c o s t s .  T h i s  is understandab!e 
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s i n c e  about 10 tons of phosphate  rock and matrix 
arc'. required to produce 1 ton of e lemental  phos- 
phorus. F o r  aluminum ingots ,  as shown in Fig.  
5.7c, the plant cap i ta l  c o s t  is found to  be over- 
riding b e c a u s e  of t h e  high cost of aluminum 
smelt ing plants. Under appropriate condi t ions 
aluminum ingot can be produced for about $400.00 
per  ton; fabr icated aluminum in s imple s h a p e s  
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costs about $500.00 to $600.00 pcr ton t o  manu- 
facture. F ina l ly ,  as  shown in F ig .  5 . 7 4  no s i n g l e  
c o s t  component is control l ing in  caust ic-chlor ine 
production by e lec t ro lys i s .  Power cos t  is t h e  
major c o s t  component above 6 mills/kwhr a t  20% 
cost of money and above 3.3 mills/bwhr a t  10% 
c o s t  of money. 
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Fig. 5.7. Contributions of Various Cost Components to t h e  Total Manufacturing C o s t s  o f  ( a )  Ammonia, ( h )  Phosphoric 
Acid  (a5 P~OS), ( c )  Aluminum, and (d )  Chlorine a t  10 and 20% Cost o f  Money. 
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Figure 5.8 s h o w s  the  percent  of the total  manu- 
facturing c o s t  attributable t o  c o s t  of e lectr ic i ty  
a s  a function of power c o s t  for e a c h  of the above 
products and for 10% c o s t  of money. 

T h e s e  conclusions wil l  be even m o r e  apparent 
in the detai led c o s t  ana lys i s  presentat ions for 
e a c h  of the various products ,  which will now b e  
d i s c u s s e d  in  turn. In t h e s e  d i s c u s s i o n s  the  
va lues  of the parameters s tudied for e a c h  product 
are tabulated in the sec t ion  on that  product. 

T h i s  sec t ion  provides a s u m m a r y  of the manu- 
facturing c o s t s  of ammonia us ing  hydrogen from 
both the e lec t ro lys i s  of water  and steam-naphtha 
reforming. Naphtha, rather than natural g a s ,  w a s  
used because  it i s  present ly  more avai lable  in  
developing nations. Typical  manufacturing c o s t s  
of ammonia, nitric ac id ,  ammonium ni t ra te ,  urea, 
and nitric phosphate ,  e a c h  us ing  hydrogen f rom 
both sources ,  are  a l s o  presented.  

Three methods for the  e lec t ro lys i s  of water, 
none of which are  present ly  in  commercial u s e ,  
were studied: the f i rs t ,  the  one for which t h e  
technology is most developed,  involves  t h e  u s e  

M a n u f a c t u r i n g  Casts of H y d r o g e n  and Ammonia. - 
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Fig .  5.8. Effect  of Cost of E lec t r ic i ty  vs  Power R a t e  

on Manufacturing Cost of Ammonia, Phosphoric Acid,  
Aluminum, and Chlorine. 

of an advanced des ign  De Nora diaphragm c e l l ;  
the  second,  l e s s  developed but probably ava i lab le  
for commercial u s e  within ten y e a r s ,  employs a 
new type of Allis-Chalmers ce l l .  T h e  far-term 
al ternat ive employs a new type of c e l l  currently 
under development by the General  Electr ic  Corn- 
pany which electrolyt ical ly  d i s s o c i a t e s  s team,  
containing a smal l  amount of hydrogen, in  the 
temperature range of 1000 t o  1100°C. A more 
thorough d iscuss ion  of the three c e l l s  i s  given in  
Sect. 5.3.1. Although the Allis-Chalmers c e l l  
w a s  adopted a s  the  s tandard for th i s  s tudy,  
enough cases were evaluated for the  other two 
c e l l s  t o  provide hydrogen and ammonia manufac- 
turing c o s t  comparisons. Manufacturing c o s t s  for 
nitric acid,  ammonium ni t ra te ,  urea, and nitric 
phosphate  were based s o l e l y  o n  t h e  u s e  of hydro- 
gen from the Allis-Chalmers cell (and from steam- 
naphtha reforming). 

In the computation of hydrogen (and ammonia) 
production c o s t s ,  the va lues  of the previously 
descr ibed var iables  which were used a r e  a s  
follows: 

Interest  rate 2.5, 5 ,  E, and 2 0  
(cos t  of money), % 

Plan t  capac i ty ,  300, 600, 1000, and 3000 __ 
tons  of NH3 per  day 

15,  22 ,  27, and  35  __ Naphtha c o s t ,  
do l la rs  /ton 

For t h e  case of the  Allis-Chnlmers cell the addi- 
t ional  variable of current densi ty  w a s  a l s o  evalu- 
a ted  a t  400,800, 1200, and IS00 arnp/ft2. T h e  
De Nora c e l l  was evaluated a t  a current  densi ty  
of 300 amp/ft2 and a plant  capac i ty  of 1000 t o n s  
of ammonia per day. The  General Elec t r ic  c e l l  
was evaluated at a plant  capac i ty  of 1000 tons  
of ammonia per day and a t  current d e n s i t i e s  of 
1750,  2500, 3500, 5000, and 7500 amp/ft2. In 
addition, three General Electr ic  c e l l  module c o s t s  
of $25.00, $50.00, and $100.00 per  square  foot and 
three l e v e l s  of internal  r e s i s t a n c e  l o s s e s  (cel l  
types A, R,  and C),  which a re  a function of cur- 
rent dens i ty ,  were evaluated.  In going from A to 
C i t  w a s  assumed that  r e s i s t a n c e  was decreased  
by providing thinner z i rconia  e lectrolyte  s e c t i o n s  
and addi t ives  that  lower the  res i s tance  of t h e  
zirconia. For example,  Z r 0 2 - Y b , 0 3  h a s  been 
found t o  have a lower r e s i s t a n c e  than ZrO,-Y,O,. 
T h e  f inal  parameter, c e l l  module cost, w a s  given 
three values:  $100.00, $50.00, and $25.00 per 
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square  foot of electrode surface.  General  Electr ic’s  
ra t ionale  for t h e s e  costs is as follows: “It i s  
es t imated t h a t  c e l l  modules c a n  be  produced a t  a 
cost of $100 per sq. ft.  of c e l l  a r e a  during ear ly  
years  of large-scale  manufacture. With further 
manufacturing exper ience  and improvements, it is 
reasonable  to e x p e c t  module cost to come down 
later  t o  $50/sq. ft. and eventua l ly  t o  $2S/sq. ft.” 
In the  economic ca lcu la t ions ,  only a limited num- 
ber of the  27 p o s s i b l e  combinat ions of the three  
parameters were eva lua ted ;  t h e s e  included t h e  
type B cell at a l l  unit c e l l  c o s t s  and current  
d e n s i t i e s  (1750, 2500, 3500,  5000, and 7500 amp/ 
f t 2 j  and t h e  type C c e l l  a t  a uni t  cost  of S2S.00 
per square  foot and a l l  current  dens i t ies .  In 
addition t h e  types  A and C c e l l s  a t  unit c o s t s  of 
$50.00 and $100.00 per square  foot  were evaluated 
a t  a current dens i ty  of 1750 amp/ft ’. 

In addition, the  c o s t s  of e lec t r ic i ty ,  d i s t i l l ed  
water ,  and prime and e x h a u s t  s team were var ied 
as follows: 

Power c o s t ,  mills/kwhr 

D i s t i l l e d  wat-er cost, 

1, 2 ,  4 ,  and 8 

7, 12, 30, and 50 
cents / t000 gal 

Prime s t eam c o s t ,  6, 15, 30, and 50 
cen t s  /MMnlii 

Exhaus t  s t eam cost ,  2 ,  6, 1.5, and  25 

cents /rtlMF3tu 

In all ca lcu la t ions  the var iable  utility costs  were 
used  as ver t ical  s e t s ;  tha t  i s ,  1-mill power w a s  
used with 7$ water ,  6~ prime s t e a m ,  and 2$ ex- 
haus t  s team,  e tc .  Since t h e s e  s a m e  va lues  were 
used in computing production c o s t s  for a l l  
products they wi l l  not be  retabulated i n  the dis- 
c u s s i o n s  on other products. 

T h e  underlined v a l u e s  i n  the tabulat ions l i s ted  
previously were used a s  s tandards  of comparison 
in  the typical example which follows. T h e  10% 
c o s t  of money is general ly  i n  l ine with t h e  ex is t -  
ing  pr ivate  industr ia l  opportunity ra te  of return 
af ter  t a x e s  i n  the United S ta tes .  A 1000-ton/day 
ammonia plant  i s  large,  but s e v e r a l  1500-ton/day 
plants  are present ly  i n  operation or under con- 
s t ruct ion.  A naphtha pr ice  of $27.00 per ton w a s  
c h o s e n  t o  ref lect  a pr ice  del ivered about 2000 
m i l e s  from a refinery i n  a developing cation. F o r  
example,  naphtha current ly  sells i n  India for 
$26.00 to  $36.00 per ton. 

the Allis-Chalmers c e l l ,  more development work 
With regard to t h e  current d e n s i t i e s  assumed for 

is required i n  order t o  demonstrate  long-term sta-  
bility; however, a model of th i s  c e l l  h a s  been run 
in the  laboratory a t  ra t ings up to 4000 amp/f t2  
for 24 hr. T h e  De Nora cell current  dens i ty  of 
300 a m p / f t 2  is twice t h a t  used  in  present  operat- 
ing uni t s ;  however, recent  advances  ind ica te  tha t  
the higher value c a n  b e  obtained e a s i l y  with newly 
des igned  c e l l s .  In t h e  case of the  General  Elec t r ic  
high-temperature cell a s ingle  module (ce l l  tube) 
h a s  been successfu l ly  operated up to 3500 amp/ 
ft2. At th i s  time, experiments  have been  done 
only with s ing le  modules. 

Typica l  computed costs for ammonia using hy- 
drogen both from t h e  Allis-Chalmctrs c e l l s  and 
from steam-naphtha reforming a r e  shown graphi- 
ca l ly  in  Fig. 5.9a-dfor  four variables: c o s t  of 
money, plant  capac i ty ,  naphtha c o s t ,  and current  
dens i ty  respect ively.  E a c h  plot  s h o w s  gross  
manufacturing c o s t  of ammonia v s  power cost in 
m i l l s  per kilowatt-hour for t h e  two al ternat ive 
s o u r c e s  of hydrogen and ind ica tes  the  e lec t r ic  
power r a t e s  a t  which e lec t ro ly t ic  hydrogen c a n  
compete with reformed hydrogen for t h e  var ious 
economic var iables  considered.  T h e  underlined 
c o s t  v a l u e s  previously d i s c u s s e d  a r e  t h e  common 
va lues  for t h e  four graphs;  for t h i s  case the  bteak- 
e v e n  power ra te  is 2.7 mills/kwhr, and the  gross  
manufacturing c o s t  is $35.00 per ton of ammonia. 

Figure 5.9‘3 s h o w s  that  t h e  break-even power 
c o s t  is relat ively insens i t ive  t o  t h e  c o s t  of money, 
s i n c e  t h e  b r e a k e v e n  power cost var ies  only be- 
tween 2.4 and  2.7 mills/kwbr as t h e  in te res t  ra te  
is d e c r e a s e d  from 20 to 2.5%. P l a n t  capac i ty ,  as  
shown in Fig. 5.9b, is also a relat ively insensi-  
t ive var iable ,  s i n c e  the break-even power cost 
var ies  only between 2.4 arid 2.8 mills/kwhr as the  
capac i ty  d e c r e a s e s  from 3000 to 300 tons of am- 
monia per day. Naphtha cost h a s  a large e f fec t  
on the  break-even power cost, as shown i n  
Fig.  5 . k ,  where t h e  break-even c o s t  var ies  from 
1.3 t o  3.4 mills/kwhr as naphtha c o s t  is increased  
f rom $15.00 to $35.130 per ton.  F ina l ly ,  as shown 
in Fig. S.9d, c h a n g e s  in  current dens i ty  have  only 
a very minor e f fec t  on break-even c o s t ,  which 
var ies  between 2.4 and 2.5 mills/kwhr for the 
current dens i ty  range 400 t o  1600 amp/ft ’. Fig- 
ure 5.10 presents  t h e  current  dens i ty  d a t a  i n  a 
different way; here  ammonia manufacturing c o s t  

‘ ~ e r s o n a ~  communicat ion,  Ministry of Pe t ro leum and 
Chemica ls ,  India. 



60 

0 R N L- D W G 68 -’I 1 7 R A 
STANDARD CASE: ( 4 )  COST OF MONEY ;-1O%; ( 2 )  CAPACITY=q000 tons/doy NH3; -.- 

(3) NAPHl-HA COST= $27/ton; (4) CURRENT DENSITY- 800 amp/ft‘ 

AMMONIA FROM HYDROGEN BY WATER ELECTROLYSIS 
AMMONIA FROM HYDROGEN BY STEAM-NAPHTHA REFORMING 

9c 

8 C  

- 
m 5 70 

L 
0 
C 

c 

& 60 
Q 
-m- 

k- 
I 

50 

0 

n 
+ 
V 

3 

z 
2 40 

I‘! 
5 30 z 

20 

40 
90 

80 

I 

10 .z 7 0  
+ 

C 0 

L 

X 60 
-(R 
I 

k 
8 50 

z 
c3 

(z 

U 

3 
z 

2 40 

2 
2 3 0  

2 0  

40 

I 

- ~- 

E R EAK-EVEN 

0 1 2 3 4 5 6 7 8 9  - 4 2 3 4 5 6 7 8 9  
POWER COST (mills/kwhr) 

Manufacturing and Break-Even Power C o s t s  for Production of Ammonia. 

POWER COS’T (mllIs/kwhr) 

Fig .  5 .9 .  



6 1  

is plotted aga ins t  current  dens i ty  with c o s t  of 
money and power c o s t  as parameters. ‘The graph 
shows that  manufacturing c o s t s  using power at 
I and 2 mills/kwhr a r e  re la t ively independent of 
current dens i ty  and that  a t  4 mills/kwhr there  is 
only a s l igh t  increase  i n  c o s t  a t  higher current  
dens i t ies .  Although not  shown in Fig.  5.10, t h i s  
e f fec t  is somewhat more pronounced a t  8 mi l l s /  
kwhr. A l l  but one  of t h e  curves  go  through a 
manufacturing c o s t  m i n i m u m  in the  current dens i ty  
range of 400 to 1600 amp/f t2 .  In general ,  rhese 
minima occur at  lower current  d e n s i t i e s  for lower 
c o s t s  of money and higher power rates .  

Costs of hydrogen production using power at 1, 
2, and 4 mills/kwlir a re  given for all cell types  
s tudied i n  T a b l e  5.2 in  c e n t s  per thousand s tandard 
cubic  f e e t  of hydrogen with and without $4.00 per 
ton oxygen cred i t ;  ammonia c o s t s  in dol la rs  per  

ORNL-DWG 6 8 - 4 4 3 R A  
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Fig. 5.10. Manufacturing C o s t s  of Ammonia from E l e c -  

trolytic Hydrogen u s  Functions of Current Density,  

Power C o s t ,  and C o s t  of Money. 

ton of NH, a r e  also given in  Table  5.2 for hydrogen 
from the four cell types.  

costs as  a function of power c o s t  for present-day 
c e l l s  and for the  three t y p e s  of experimental  cells. 
T h i s  comparison was  made for a 1000-ton/day 
ammonia plant  a t  a 10% c o s t  of money. T h e  c o s t s  
of ammonia production from e lec t ro ly t ic  hydrogen 
from the  advanced De Nora,  Allis-Chalmers, and 
General  Elec t r ic  cells (type A,  $50.00 per square  
foot) a re ,  within the accuracy o f  the  es t imates ,  
about  equal; they a re  about  45, 33, and 32% 
cheaper  than present-day c e l l s  when power at 
costs of 1, 2, and 4 mil.ls/kwhr, respect ively,  
is avai lable .  However, if the type R and C 
General  Elec t r ic  ce Ll charac te r i s t ics  a re  s u c c e s s -  
fully developed,  appreciable  further sav ings ,  u s i n g  
a c e l l  cost of $S0.00 per square  foot, appear  to b e  
achievable .  T h e  cotnparisoris for the  General 
E:lec:trjc celk were made a t  a current  dens i ty  of 
1750 amp/ft2, the lowest  dens i ty  s tudied,  and a t  
a cel! cost of $%50.00 per square  foot ,  the riiedian 
value. A current dens i ty  of 800 arnp/ft’, which 
w a s  previously shown to be the  most economic 
value, w a s  used f o r  t h e  Allis-Chalmerr; cell i n  
th i s  comparison. The advanced De Nora c e l l  
assumed u s e  of a current  dens i ty  of 300 amp/f t2 ,  
the only value considered.  

F igures  5 . l l h  arid c, for 10 and 20% c o s t  of 
money, respec t ive ly ,  show the e f fec t  of current 
dens i ty  and module mater ia l  c o s t  on ammonia 
manufacturing c o s t  a s  a function of power c o s t  
for General  Elec t r ic  type I3 cell material. 

La ter  information h a s  indicated tha t  furt.her 
s a v i n g s  can be made with the General Electr ic  
c e l l  if t h e  oxygen atmosphen: a t  t h e  anode is re- 
p laced with a carbon monoxide atmosphere. Cur- 
bon monoxide s e r v e s  to depolar ize  the  anode by 
react ing with oxygen to produce CO,, thus re- 
ducing Ihe b a c k  emf at  the anode. T h e  benef i t s  
of t h i s  effect  appear  to b e  very at t ract ive.  For  
example,  production i)f electrolyt ic  hydrogen with- 
out benefi t  of  a n  anode depolar izer ,  assuming use 
of the type B electrolyte  configurat ion,  requires  
an energy consumption of 90 kwhr of e lec t r ic i ty  
per 1000 scf o f  hydrogen a t  a current dens i ty  of  
2000 amp/ft2.  With the u s e  of a s toichiometr ic  
amount  of carbon monoxide at the  anode, t h e  
energy consumption may be  reduced to 26 kwhr/ 
Mscf. T o  put  t h e s e  numbers i n  perspect ive,  the  
former is equivalent  to a power c o s t  of about $12 
per ton of ammonia a t  a n  e lec t r ic i ty  cost of 2 

F igure  S . l la  s h o w s  ammonia manufacturing 



Table 5.2. Hydrogen Manufacturing Cos:s for De Noio, a l l is - fha lmers ,  3nd General E lectric E lec t ro iy t ic  Ce i is  

Cos t  o r  money, i = 10% 

Plant  Current 
Capac i ty  Type of Ce l l  Dens i ty  

(tons/day) (amp/f<.') 

162 Present  150 

162 D e  Mor3 300 

162 A l l l s - C h a h e r s  800 

162 GE 1750 

A. Cost of Hydrogen 

H *  Manufacturing C o s t  (cents/Mscf)a 

Genera;lon 
P r e s s u r e  

(ps ia )  

Power C o s t  ~ 1 rni:l/kwhr Power Cos t  = 2 mills/kwhr Power Cos t  = 4 miils/kwhr 
- - 

2 N o  0, Wl;h 0,  N o  0,  With O2 No 0, With 0 

Credit  Creditb Credit  Credit' Credir Credi tb 
~~ 

15 41  33 55 4 7  79 71 

45 25 1 7  37 29 57 49 

3 00 2 3  i 5  35 27 53 45 

1 5  1 8  9 25 16 40 32 
.~~ ~ 

8. C o s t  of Ammonia 
~~ 

H 2  

P res su re  
P lan t  Current Generation 

Capac i ty  Type ol C e l l  

( tons /da y )  

1300 Presen t  150 15 

1000 De Nora 500 15 

1000 A l l i s C h a h e r s  8 00 300 

1000 GE 3 750 15 

Manufacturing C o s t  [dol: 3rs/ton) _ _  
Power C o s t  = I mil:/kwh; Power Cos t  2 rn,lls/kwhr Power Cos; = 4 mills/kwh: 

R o  0 2  With O2 K O  O 2  With 0, No 0, W i t h  0, 

CXdLt C:ed1tb C r e d i t  Credi tb  Credi t  Creditb 
- 

40 34  51 45 73 65 

2 ci .a 33  28 51 43  

22 I S  30 25 4 7  39  

19 13 2 5  IY 36 28 

aMscf = thousand standard m b i c  fee t .  

'A: $4.0~ per ton. 
'Type c ce l l ,  modi,le c o s t  = $SO.OO per square  foot. 
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mills/kwhr, while the  la t te i  is equivalent  to about 
$3.50 per ton of ammonia. An economic a n a l y s i s  
of th i s  la tes t  development h a s  not been com- 
pleted at t h i s  t i m e .  However, i t  appears  to p lace  
electrolyt ic  ammonia in a much better Competitive 
position compared with steam-methane reforming 
in the United S ta tes ,  although a c h e a p  source of 
carbon monoxide i s  required. 

used  process  for the production of hydrogen for 
ammonia s y n t h e s i s  i n  the United States .  T h i s  
s tudy did not incorporate a n  intensive s tudy of 
th i s  process  for comparison with electrolyt ic  hy- 
drogen, because  natural g a s  i s  usual ly  not a major 
raw material present  in  developing countr ies .  
However, t o  provide some b a s i c  d a t a  for compari- 
son on a n  equivalent  b a s i s ,  a few ca lcu la t ions  
were performed comparing steam-methane reforming 
ammonia plants  in the  United S ta tes  with electro- 
lyt ic  hydrogen ammonia plants  us ing  Allis-Chalmers 
cells a t  a c o s t  of money of 10%. 

l'able 5.2 indica tes  tha t  ammonia us ing  elec- 
trolytic hydrogen from a n  Allis-Chaliiiers c e l l  with 
power a t  2 mills/kwhr c a n  be manufactured for 
$30.00 per ton i n  a lOOO-ton/day plant with n o  
by-product oxygen cred i t  assumed.  Figure 5.12 
indicates  that  a steam-methane reforming plant 
evaluated under ident ica l  condi t ions could pay as 
much as 67$/MMBtu for natural  g a s  and s t i l l  manu- 
facture ammonia for $30.00 per ton. However, if 
one compares manufacturing c o s t s  for 300-ton/day 
p lan ts ,  the break-even pr ice  of natural  g a s  de- 
creases t o  52$/MMBtu, i l lustrat ing the  detrirnental 
effect  of scale on electrolyt ic  ammonia plants  as 
compared with i t s  beneficial  effect on  reforming 
plants .  If a n  oxygen cred i t  of $4.00 per ton is 
allowed, the above break-even natural g a s  pr ices  
are  reduced by 18$/MMEtu, thereby making e lec-  
trolytic hydrogen much more competitive. 

T h e  shaded  a r e a  on the lef t  s i d e  of Fig. 5.12 
out l ines  a range of pr ices  of industr ia l  natural 
g a s  typical  of a r e a s  in t h e  United S ta tes  1000 t o  
1500 miles (by pipel ine)  from the gas fields. It 
indicates  tha t ,  for e lectrolyt ic  hydrogen to  com- 
pete  with steam-methane reforming in  t h e s e  a reas ,  
the pr ice  of power must be i n  the range of 0.8 to 
1.70 mills/kwhr, depending upon plant s i z e  (with- 
out oxygen credit). However, the pr ice  of natural 
g a s  in  T e x a s  is i n  the range of 22 to  29$/MMK3tu, 
and here the competitive pr ice  of e lec t r ic  power 
should be in the  range of 0.25 t o  1.25 mills/kwhr. 
The  possibi l i ty  of a t ta ining the  la t te r  power c o s t s  

Steam-methane reforming is now the  most widely 
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Wuphtha Reforming w i r h  Electro lyt ic  Hydrogen far Am- 

monia Production. 

for a firm power load i s  remote; however, off-peak 
power froin breeder reac tors  may achieve  t h e s e  
c o s t s  if i t  is priced to  recover only the  direct  
operating c o s t s  of the  nuclear  power s ta t ion  (see 
Chap. 4). 

liquid feed inaterial without the u s e  of oxygen h a s  
been achieved in recent  years .  T h i s  advance h a s  
permitted steam-naphtha reforming t o  come of age. 
The  manufacturing c o s t  of ammonia by steam- 
naphtha reforming i s  somewhat higher than by 
steam-methane reforming because  of higher capi ta l  
costs and a more expens ive  raw material. Capi ta l  
c o s t s  for the  naphtha process  average about 8% 
higher than c o s t s  for steam-methane. l 3  Figure 

T h e  abi l i ty  to  produce a s y n t h e s i s  g a s  from 

'H. C. Bauman, Fundamenta ls  of C o s t  Engineering 
in the  Chemical Industry, p. 238, Reinhold Publ i sh ing  
Corp., N e w  York, 1964. 

3Private communication from Chemico, Inc. 
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5.12 s h o w s  that  naphtha a t  $20.00 per ton is 
equivalent  t o  natural  g a s  at  53$/MMBtu. 

i t  i s  a l iquid,  is cos t ly  t o  sh ip ,  and a pr ice  of 
$20.00 c a n  only b e  obtained at a refinery. T h e  
supply of naphtha i n  t h e  United S t a t e s  is q u i t e  
smal l  b e c a u s e  t h e  la rges t  output  of our ref iner ies  
is gasol ine.  European count r ies  have  relied more 
heavi ly  on naphtha t o  supply  their nitrogen fertil- 
i zer  demands,  but with t h e  discovery of the natu- 
ra l  g a s  f ie lds  under t h e  North Sea t h i s  s i tua t ion  
may change. India h a s  very l i t t l e  natural g a s  and 
h a s  re l ied a lmost  exc lus ive ly  on naphtha to pro- 
v ide  fer t i l izer  nitrogen. However, much of t h e  
naphtha is obtained f rom imported oi l  and,  with 
t h e  large quant i t ies  of fer t i l izer  needed to supply  
India’s needs ,  cannot b e  rel ied upon to  meet t h e  
demand b e c a u s e  of foreign exchange  requirements. 
In India, refinery heavy s t o c k  and coal are b e i n g  
given much considerat ion as hydrogen sources. 

’The shaded  band on t h e  r ight  s i d e  of Fig.  5.12 
out l ines  a range of naphtha pr ices  from $25.00 t o  
$30.00 per ton. For  t h e s e  condi t ions and at a c o s t  
of money of IO%, ammonia o b t a m d  from electro- 
lyt ic  hydrogen could compete  for power c o s t s  i n  
the range of 2.6 t o  3.2 mills/kwhr. T h e s e  power 
costs c a n  b e  obtained from large light-water 
reactors  [ ;> 1500 Mw (electrical)] in  the near term 
and for advanced des ign  reac tors  a t  a c o s t  of 
money of 10%/year (Chap. 4j. 

Naphtha, b e c a u s e  of i t s  bulk and the  fac t  that  

Ammonia Production Using Of f -peak  Power. - 
In the  e v e n t  that  t h e  complex utilizes nonindustrial 
power on a da i ly  part-time b a s i s ,  as in the pump- 
ing of la rge  quant i t ies  of water ,  off-peak power 
for industr ia l  use may be avai lable .  To eva lua te  
th i s  poss ib i l i ty  a s tudy  w a s  made t o  determine 
t h e  c o s t s  of producing ammonia assuming opera- 
t ion of t h e  e lec t ro ly t ic  hydrogen plant  only during 
oft-peak hours. Under normal 24 hr/day operation 
t h e  water e lec t ro lys i s  c e l l s  were operated a t  a 
current derisity of 800 amp/ft2. For off-peak 
per iods of 12 to 24 hr, current  dens i ty  w a s  ad- 
justed to  produce the needed  amount of hydrogen; 
tha t  is, for 16-hr operat ion,  a current  derisity of 
1200 amp/ft2 w a s  used  and for 12-hr operation 
1600 amp/ft w a s  used ,  with the  hydrogen plant  
s i z e d  to  produce enough hydrogen for 600 tons/day 
of ammonia at 800 amp/ft ’. ‘The maximum current  
dens i ty  assumed w a s  1600 amp/f t3 ,  and thus  for 
off-peak per iods of l e s s  than 1 2  hr t h e  electrolyt ic  
hydrogen faci l i ty  w a s  increased  in  s i z e  whi le  

maintaining operat ional  current  dens i ty  a t  t h e  
maximum. T h e  ammonia s y n t h e s i s  plant  was  s i z e d  
to  produce 600 tons/day and w a s  assumed t o  
operate  cont inuously i n  all cases. For  off-peak 
operation, during the par t  of t h e  d a y  when both 
p lan ts  were i n  operation, a portion of the hydrogen 
produced in  Allis-Chalmers-type c e l l s  a t  300 p s i g  
would b e  compressed from th is  pressure t o  3000 
p s i g  and fed direct ly  to the  ammonia plant; the 
remainder would b e  compressed t o  980 p s i g  and 
s tored underground in  high-pressure 42-in. vanadium 
s t e e l  pipe. 
id le ,  the ammonia plant  would draw hydrogen from 
s torage ,  decreas ing  the s torage  pressure  from 980 
to 300 psig. At the s t a r t  of the  drawdown period 
the  ammonia plant  feed compressors  would operate  
from 980 to  3000 p s i g  and a t  the end oI the  period, 
f rom DO0 t o  3000 psig.  

T h e  resu l t s  of t h i s  s tudy  are  suniinarized i n  
Fig. 5.13 for off-peak operational per iods of 6, 
12 ,  and 16 hr aiid with normal cont inuous operation 
shown for comparison. A plant  life of 1.5 years  
and a c o s t  of money of 10% were assumed.  Com- 
pared with riorrnal cont inuous operation using 
power at 3 n i l l s /kwhr ,  c o n s t a n t  ammonia manu- 
factur ing c o s t  requires  tha t  off-peak power b e  
avai lable  at 2.7, 2.3, or 1.1 inills/kwhr for operat- 
ing  per iods of 16,  12,  and 6 hr respect ively.  

T h i s  type of operation for e lectrolyt ic  cells may 
be  qui te  attractive s i n c e ,  with the electrolyt ic  
hydrogen plant  designed to operate  a t  1600 
amp/ft2 and s i z e d  to  operate a t  800  amp/f t2 ,  i t  
could s e r v e  as  a n  e lec t r ica l  load-leveling device 
because  the  c e l l s  can operaie  at lower current 
d e n s i t i e s  with the  advantage of decreased  power 
usage. Unit power usage  is increased by  about 13% 
in going from 8 0 0  t o  1600 amp/ft’. 

Production C o s t s  of Ammonia-Derived Fertil- 
izer. - Ammonia, whose manufacturing c o s t s  
from both electrolyt.ic hydrogen and reformed hy- 
drogen were d i s c u s s e d  in the previous sect ion,  
can  b e  used  as a fer t i l izer  directly. However, 
under current prac t ices ,  t h e  great  bulk OE t h e  
ammonia produced i n  t h e  world is converted into 
a variety of so l id  fer t i i izers .  In t h i s  s e c t i o n ,  
typical  resu l t s  of computer code  ca lcu la t ions  on 
production c o s t s  of th ree  of t h e s e  - ammonium 
ni t ra te  (NI-14N0,3), urea,  and 27-14-0 nitric phos- 
phate  - ate d i s c u s s e d ;  s i n c e  nitric a c i d  (IINO,) 

When the  e l e c t r o l y s i s  plant w a s  

140i2  Grjs J., p. 88 (Feb. 24, lN4). 
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a l s o  i s  used  i n  the  manufacture of NW,NO, and 
nitric phosphate ,  i t s  production c o s t  i s  included. 

for e a c h  of t h e s e  fer t i l izers  and the  percent of 
Table  5.3 g ives  the  four b a s e  c a p a c i t i e s  s tudied 
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Assuming Continuous Synthesis of Ammonia. 

produced ammonia converted in e a c h  c a s e .  Fig- 
ures  5.14a-d provide a comparison of production 
c o s t s  for each  material from ei ther  e lectrolyt ic  
hydrogen or reformed hydrogen for power c o s t s  be- 
tween l and 4 mills/kwhr. T h e s e  graphs are €or 
plants  (at 10% c o s t  of money) with c a p a c i t i e s  in  
the third capac i ty  column of T a b l e  5.3 (i.e., for 
1067 tons  of HNO, per day  for NN,NO,, e tc) .  A 
current densi ty  of 800 amp/ft w a s  assumed for 
e lectrolyt ic  hydrogen production. Naphtha c o s t s  
are a variable for the  reformed hydrogen cases. 
In the case of nitric phosphate  (Fig.  5 . 1 4 4 ,  phos- 
phate  rock c o s t s  of $5.50, $9.60, $1'7.00, and 
$24.00 per ton were u s e d  with naphtha c o s t s  of 
$15.00, $22.00, $27.00, and $35.00 per ton re- 
spect ively.  Curves a re  not given for the I-INO, 
plant for ni t r ic  phosphate  production; because  of 
lowered capac i ty ,  compared with t h e  HNQ, plant  
for NH,NO,, a l l  HNO, manufacturing c o s t s  for 
t h i s  case are about  $0.75 higher than those  shown 
in F ig .  5.14a. 

F igures  5.14a-d indicate  that  the  break-even 
power c o s t s  for t h e  production of e a c h  product 
us ing  ammonia derived from electrolyt ic  v s  re- 
formed hydrogen a r e  about  the  same as for ammonia 
(Fig. 5 . 9 ~ ) .  T h i s  resu l t s  from the  fac t  that  the  
secondary products u s e  very l i t t le  e lectr ic i ty  
compared with that  needed for water e lec t ro lys i s  
and that  the secondary product production c o s t s  
are  smal l  compared with those  for water  e lec-  
trolysis and ammonia synthes is .  A s  was shown 

Table 5.3. Base Capaci t ies  for Ammonia-Derived 

F e i l i l i z e r s  

Ainoun t 
of NH, 

Base Capac i t i e sa  Converted 

(Yo of total  

produce d) 

Product  
(tons per day) 

HNO, for NH,NO, 320 640 1067 3200 30 

NH,NO, 100 800 1333 4000  5 9  

U r e a  300 600 1000 3000 58 

HNO, for nitric 218 596 827 2180 23 

phosphate  

Nitric phosphateb 450  900 1500 4500  52 
.................... ................... ~ 

=The correspondlng b a s e  NH, production r a t e s  a r e  

'Includes NH, u s e d  for HNO, production 
given in  sec t .  5.5.1. 
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F i g .  5.14. Manufacturing C o s t s  for Ammonin Derivat ives.  
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in the  preceding sec t ion  on ammonia production 
c o s t s ,  the e f fec ts  of c o s t  of money, plant  capac i ty  
and current d e n s i t i e s  for e lectrolyt ic  hydrogen 
and ammonia production are much less signif icant  
tlian changes  in power and raw material cos ts .  

Phosphorus and Phosphoric Acid Manufacturing 
Cost.  - The net  manufacturing c o s t s  of producing 
phosphoric ac id  v i a  both t h e  e lec t r ic  furnace and 
wet acid methods were computed. In these  com- 
putations the var iables  considered and their 
va lues  were a s  follows: 

Interest  ra te  2.5, 5. 10, and 20 
(cost  of money), Yo 

Plan t  capac i ty ,  300, GOO, 1500, and 3435 __ 
tons of P20,  per day 

Phospha te  rock  cost ,  5.50, __ 9.60. 1 7 ,  and 24 
dol lars / ton 

Sulfur cost, 

dollars/ton 
32 ,  50, 65 ,  and  80 - 

Variable utility c o s t s  a r e  the saiiie as those  used  
for amiilonia, given ear l ier  i n  t h i s  sect ion.  
c o s t s  are  based  on  United S ta tes  conditions. T h e  
underlined va lues  a r e  the reference va lues  used  
i n  the typical  example which follows. T h e  ca- 
pacity of 1500 tons  of P 2 0 ,  per day ,  although 
large by today's s tandards ,  will,  we bel ieve,  be  
a reasonable  s i z e  for e i ther  a n  e lec t r ic  furnace 
plant  or a wet a c i d  plant  i n  ten years  for e i ther  
the  United S t a t e s  or a large developing country 
s u c h  a s  India. T h e  la rges t  e x i s t i n g  wet  a c i d  
plant  produces about  1000 tons  of P,O,  per day,  
whereas  the largest  e l e c t r i c  furnace process  in- 
s ta l la t ion  now under construct ion wil l  have a 
capac i ty  of about 600 tons  of P20,  per day,  With 
the presently r i s ing  c o s t  of sulfur ,  $50.00 per ton 
is rapidly being approached i n  many par t s  of the  
United S ta tes  and h a s  been surpassed  in  many 
developing countr ies ;  for example,  sulfur i n  India 
currently s e l l s  for $60.00 t o  $80.00 per ton. 
Phosphate  rock a t  $9.60 per ton is the present  
c o s t  of Flor ida pebble  rock del ivered 1500 miles 
to  a United S ta tes  port by ocean  freighter. 

1 he  power consuinption, carbon requirements, 
and yield of phosphorus in  the e lec t r ic  furnace 
process  are s e n s i t i v e  to  t h e  raw mater ia ls  analy- 
s i s ;  changes  i n  ar ia lysis  c a n  b e  accommodated i n  
the computer code. The  two a n a l y s e s  s tudied a re  
given below: 

All 

,. 

Composition (76) 

Flor ida Rock  Indian Rock 

2 0 5  
C a O  
SiO, 
Fe 203 

31.1 
46.5 

9.5 
1.7 

31.4 
43.3 
8.8 
9.3 

T h e  ba lance  in e a c h  c a s e  c o n s i s t s  of alumina, 
fluorine, and about  5% ignition loss .  The Florida 
rock composition w a s  used  in  a l l  t h e  b a s i c  ca l -  
cu la t ions ;  a few comparison runs were made with 
the  Indian rock ana lys i s .  Yields  in the la t ter  c a s e  
were lower (and c o s t s  higher) because  more of thc  
phosphorus w a s  l o s t  t o  the production of by- 
product ferrophosphorus. 

Typica l  computed c o s t s  resu l t s  are shown 
graphically in  Fig. S.15a-d for the four var iables  
in te res t  ra te ,  plant  capac i ty ,  sulfur  c o s t ,  and 
phosphate  rock c o s t  respect ively.  Each  plot 
shows gross  manufacturing c o s t  of phosphoric 
acid v s  power c o s t  in mills per kilowatt-hour for 
the two al ternat ive p r o c e s s e s  and ind ica tes  t h e  
power costs at which t h e  furnace p r o c e s s  c a n  
compete with the  wet ac id  process .  The under- 
l ined c o s t  va lues  previously d i s c u s s e d  a r e  the  
common va lues  for the four graphs; for t h i s  case 
the break-even power ra te  i s  5.4 mills/kwhr, and 
the gross  manufacturing c o s t  is $105.00 per ton of 
P 2 0 ,  as  54% phosphoric acid. 

F igure  5.15a shows that  t h e  break-even power 
c o s t  is relatively insens i t ive  to  in te res t  ra te  and 
that  it d e c r e a s e s  from 5,7 t o  5.1 mills/kwhr as 
t h e  in te res t  ra te  i n c r e a s e s  from 2"s t o  20%. Plan t  
capac i ty ,  as  shown in Fig.  5.15b, is also a rela- 
tively insens i t ive  var iable  e x c e p t  a t  low capaci-  
t i e s ;  a t  300 tons/day of P20 ,  the  break-even c o s t  
is 4 rnills/kwhr, whereas  a t  higher c a p a c i t i e s  
(600 to 3435 tons/day)  the  break-even c a s t  var ies  
only between 5.2 and 5.5 mills/kwhr. Sulfur c o s t  
h a s  a large e f fec t  on the  break-even power c o s t ,  
as  shown in Fig.  5.15d, where  the  break-even cost 
var ies  from 2 to  8 mills/kw'rrr a s  sulfur c o s t  is in- 
c r e a s e d  from $32.00 to $65.00 per ton. With t h e  
current United S ta tes  pr ice  of sulfur at $49.00 per 
ton, t h e  furnace method c a n  compete with t h e  
wet  acid p r o c e s s  if the  c o s t  of power is less than 
3.6 mills/kwhr. F ina l ly ,  as shown in Fig.  5.15c, 
changes  in phosphate  rock c o s t  have  only a minor 
effect on bieak-even c o s t ,  a s  expec ted ,  s i n c e  the  
main advantage of the  furnace process  in  this com- 
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Fig. 5.15. Manufacturing and Break-Even Power Cost  for Production of Phosphoric Acid.  



70 

parison is that  i t  u s e s  s l ight ly  l e s s  rock per ton 

Aluminum Manufacturing Cost.  - T h i s  s e c t i o n  
of P,O,. 

summarizes  the s t u d i e s  made to determine the 
c o s t  of producing aluminum from bauxi te  or im- 
ported alumina. C o s t s  were computed in three 
s t e p s :  (1) production of ca lc ined  alumina; (2) pro- 
duct ion of molten aluminum, including the manu- 
facture of t h e  carbon anodes ;  and (3) fabrication 
of the molten aluminum t o  plate  and bar. 

duction of alumina and aluminum, respect ively,  
have no competing p r o c e s s e s  in industr ia l  use 
today, manufacturing c o s t s  were computed directly. 
In order t o  provide some sor t  of comparison, pro- 
duct ion of aluminum a l l  the  way from bauxi te  a t  
varying bauxi te  and power c o s t s  w a s  compared 
with the production of aluminum with power a t  
2 mills/kwhr from imported alumina, shipped 6000 
miles ,  a t  $60.00 and $77.00 per ton. This is be- 
l ieved to  b e  a n  increasingly good method of com- 
par ison s i n c e  the  la t ter  c a s e ,  which originally 
represented the aluminum industry pract ice  in 
the northwestern United S ta tes  and southwestern 
Canada,  is becoming a much more widespread 
pract ice .  The r e a s o n  for t h i s  i s  the  reduction i n  
shipping c o s t s  made poss ib le  by shipment of 
alumina with approximately 1.5 t o  ’2 t imes the 
aluminum content  of bauxi te .  For example,  bulk 
ocean  shipping ra tes  a re  given in  Chap. 8 a s  
0.15 t o  0.25$/ton-mile. 
bauxi te  is shipped 6000 miles  (from Jamaica or 
Surinam to Seat t le)  a s a v i n g  of about  $10.00 per 
ton c a n  b e  achieved.  

ca lcu la t ions  were a s  follows: 

Since the Bayer and Hal l  p rocesses  for t h e  pro- 

If alumina rather than 

T h e  var iables  and their va lues  used  in  the 

2.5, 5, 1 0 ,  and 20 - Interest  r a t e  (cost of 

money), 7% 

Plan t  capaci ty ,  tons/day 

120, 274, 548, and 1370 
60, 137, 274, and 685 

AI203 I- 

_- AI 

Bauxite cost ,  dol lars  per 3,  8, 11, and 14 
ton of bauxi te  

Alumina  cost ,  dol lars  per 6 0  and 77 - 
ton of A1203 

Variable utility c o s t s  a re  t h e  same a s  those u s e d  
for ammonia, given ear l ier  i n  th i s  sect ion.  All 
costs are for United S ta tes  condi t ions.  The under- 

lined va lues  a r e  the primary va lues  used i n  t h e  
typical  example which follows. The  capac i ty  of 
274 tons/day (100,000 tons/year)  of aluminum is 
about  one-third of the  world’s la rges t  ex is t ing  
aluminum plant  and is relat ively smal l  for a high- 
ly developed country but very reasonable  for a 
developing nation. Bauxi te  c o s t s  of $3.00 per ton 
a re  i n  l ine with c o s t s  at mines in  Surinam, Jamaica ,  
and e l sewhere ;  c o s t s  of $8.00 per ton are typical  
of Jamaican ore  delivered about  1000 miles to  a 
refining plant on t h e  United S t a t e s  Gulf Coast .  
Alumina costs of $60.00 t o  $77.00 per ton a r e  
typical  of del ivered Jamaican alumina c o s t s  i n  the 
Seat t le ,  Washington, area.  

Typica l  ca lcu la ted  c o s t s  a r e  shown graphically 
i n  F i g s .  5.16a-d for the  four var iables  interest  
ra te ,  plant  capac i ty ,  bauxi te  c o s t ,  and alumina 
c o s t  respect ively.  Each  plot presents  gross  
manufacturing c o s t  of fabr icated aluminum v s  
power c o s t  in  mil ls  per kilowatt-hour and indi- 
cates the  power costs a t  which locally produced 
aluminum c a n  compete with aluminum produced i n  
the northwestern United S t a t e s  with power a t  
2 mills/kwhr. B e c a u s e  only a s ingle  value (2 
mills/kwhr) for power c o s t  w a s  considered for 
the northwestem United S t a t e s  cases, these  
cases appear  as  points  on the  four graphs. T h e  
underlined parametric va lues  previously d iscussed  
are the  common va lues  for t h e  four graphs; i n  t h i s  
comparison the  break-even power rate  is 4.6 
mills/kwhr, and gross manufacturing c o s t  is 
$650.00 per  ton of fabr icated aluminum. 

The  break-even power rate  i s  highly dependent 
on in te res t  ra te  because  of the large plant cap i ta l  
investment and d e c r e a s e s  from 5.5 mills/kwhr a t  
2.5% t o  2.9 mills/kwhr a t  a 20% in te res t  ra te ,  as  
shown in Fig.  5.16a. A s  shown i n  Fig.  5.166, 
the  break-even power c o s t  is a l s o  sens i t ive ,  but 
t o  a l e s s e r  ex ten t ,  on plant  capac i ty ;  i t  var ies  
from 3.3  t o  5.1 mills/kwhr a s  the  plant  s i z e  is 
increased an order of magnitude from 60 to 685 
tons of aluminum per day. Bauxi te  c o s t s  a l s o  
have a fairly large e f fec t  on break-even power 
c o s t ,  a s  shown i n  Fig.  5.16c, where increasing 
the c o s t  f rom $3.00 t o  $14.00 per ton of bauxi te  
d e c r e a s e s  the break-even power c o s t  from 5.9 to 
2.9 mills/kwhr. Final ly ,  as  shown in Fig. 5.16d, 
increasing the  alumina c o s t  from $60.00 t o  $77.00 
per ton for the  northwestern IJnited S ta tes  plant  
increases  the  break-even power c o s t  for t h e  local 
plant  fiom 2.5 to  4.6 mills/kwhr. 
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Fig.  5.16. Manufacturing and Break-Even Power Costs for the Production of Aluminum. 
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Solar Salt Manufacturing C o s t s .  - O n e  of t h e  
opt ions  which an agro-industrial complex located 
on an arid c o a s t  will have is t h e  one  of building a 
so la r  s a l t  works to  ut i l ize  at l e a s t  part of the  
concentrated brine effluent from the seawater  
evaporator. Dist inct  sav ings  in  s o l a r  ponding 
c o s t s  can result from process ing  evaporator con- 
cent ra te  ins tead  of regular seawater .  In addition 
to  producing s a l t  for national u s e  and export, the  
s a l t  and i t s  bi t terns  by-product a r e  the source  of 
a number of additional products. T h e  s a l t  i tsel f  
c a n  be used for t h e  production of chlorine, caus t ic ,  
hydrogen (for additional ammonia synthes is ) ,  
hydrochloric acid,  and sodium carbonate, and the  
bi t terns  are the raw material for the  recovery of 
potassium fer t i l izers ,  anhydrous magnesium 
chloride, magnesium metal, and gypsum for sul-  
furic acid and cement  manufacture. T h e  caus t ic ,  
sodium carbonate ,  and hydrochloric acid are ma- 
te r ia l s  which a l so  provide for a to ta l ly  internal 
system, if s a l t  is recovered at  the complex, of 
preevaporation seawater  treatment. T h e  economics 
of sa l t  and caust ic-chlor ine production is d iscussed  
below; the c o s t s  of seawater  treatment and re- 
covery of other  chemicals  from so lar  s a l t  bi t terns  
are  d i s c u s s e d  both below and i n  Appendix 5A. 

An arid coas ta l  locat ion provides  waim tem- 
peratures  and considerable  sunl ight ,  both pre-  
requis i tes  to efficient so la r  evaporation. The 
aridity of such  an area a l so  g ives  fair assurance  
of low population dens i ty ,  which is important be- 
c a u s e  a solar  s a l t  works requires many square 
milos of land. Impervious ground, where avail- 
able ,  is very desirable. T h e  final general re- 
quirement, the  need for very flat terrain, will de- 
pend on the topography of t h e  particular area, 

In th i s  study for a non-United S t a t e s  solar  s a l t  
instal la t ion,  sa l t  production c a p a c i t i e s  of 1,000,000 
t o  5,000,000 tons of s a l t  per year  were considered, 
which correspond approximately to 3,000 t o  15,000 
tons/day at  a 91% load factor  or onstream ef- 
f ic iency.  One million tons  per year  i s  considered 
a la rge  plant  today, but for the  future 5,000,000 
t o n s  is not u n r e d i s t i c .  For  example, the National 
Bulk Carr iers  Corporation currently opera tes  a 
3,000,@00-ton/year solar  s a l t  works i n  Baja  Cal i -  
fornia and plans t o  expand i t  to  5,000,000 tons/  
year  around 1970 and ultimately to 10,000,00(! 
tons/year .  l S  At a s a l t  capac i ty  of 1,000,000 
t o n s l y e a r  only 1.6% of t h e  br ine effluent from a 
1000-Mgd seawater  evaporator, operat ing at  a 
concentrat ion ratio" of 2, would b e  ut i l ized by 

the  solar  s a l t  works. A t  concentrat ion ra t ios  of 
2.5, 3 ,  and 4, the percentage of the  br ine  effluent 
used  would increase  to 1.9, 2.1, and 2.4% re- 
spect ively.  At 5,000,000 tons/year  a so la r  s a l t  
works would require s l igh t ly  more than the total  
amount of brine effluent from a 100-Mgd seawater  
evaporator operat ing at  an evaporation ratio of 3. 
T h e  above d a t a  were obtained us ing  t h e  values:  
3% NaCl i n  raw seawater  and 75% recovery of 
sa l t .  

s a l t  plants ,  actual  requirements will vary with 
the  climatic condi t ions of the area under con- 
s iderat ion.  In general, for raw seawater ,  about 
40,000 working a c r e s  a r e  required per million 
annual tons  of s a l t  recovery a t  a 91% plant factor. 
When seawat  er evaporator effluent containing 6% 
NaCl (concentration ratio - 2) i s  the raw material 
to  t h e  s a l t  works, t h i s  area is reduced to  about 
24,000 working a c r e s  per million annual tons;  
9% NaCl (concentration ratio = 3) requirzs 16,000 
working acres, and 12% NaCl (concentration 
ratio = 4) requires  12,000 working acres .  T h i s  
represents  a r e a  reductions of 40, 60, and 70%, 
respect ively,  over the rnw seawater  case and c a n  
resul t  i n  s ignif icant  sav ings  i n  so la r  ponding 
c o s t s .  F o r  example, in  Fig.  5.17a, f o r  an in te res t  
charge of lo%, if $20O.C0 per acre i s  required for 
land and land improvement c o s t s  (dike construc- 
tion, roads, pump houses ,  e tc . ) ,  the  u s e  of s e a -  
water concentrated by a factor of 2 would resul t  
in  a sav ing  of $0.38 per ton of NaCl i n  so la r  
pondinp, cos ts ;  at a concentration factor  of 2.6, 
$0.50 per ton. T h e s e  sav ings  a r e  38 and 50% 
of the  manufacturing c o s t  of solar  salt when the  
c o s t  is $1.00 per ton. The cost of so la r  pond 
construct ion var ies  widely depending on t h e  ter-  
rain of t h e  land and other factors. 
covery f rom seawater ,  t h e  cos t  may vary from 
SlOO.00 to $300.00 per acre. 
covering chemicals  f rom concentrated br ines  l ike 
Great Salt  L a k e  (ten t imes seawater  concentra- 
tion), i t  i s  poss ib le  t o  justify higher unit c o s t s ,  
s u c h  as $600.00 to $700.00 per acre. 

T h e  resu l t s  of the computer calculat ions of 
so la r  s a l t  production c o s t s  at a foreign plant  a re  
presented i n  Fig.  5.17b for c o s t s  of money, i, be- 

With regard to the land iequircments for solar  

For s a l t  re- 

However, when re- 

"private cormnunication, National i3ulk Carriers 

16Gallons of s eawa te r  evaporator feed  per gallon of 

Corporation, N e w  York. 

evaporator effluent.  
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Fig.  5.17. ( a )  Savings in Solar Evaporation Pond Cost  
by Concentrating Seawater Prior to  Solar Evaporation a t  

a Cost  of Money, i = 10%; ( h )  Manufacturing Costs of 

Solar Salt .  

tween 2.5 and 20% for the f ive  base c a p a c i t i e s  
noted earlier. T h e  production c o s t s  vary, as 
shown,  from $0.50 to $2.50 per ton of sa l t .  Labor 
was c o s t e d  at  $0.67 per hour, but labor eff ic iency 
w a s  assumed to  be only one-third of that  for a 
plant  i n  the United S ta tes .  It is s ignif icant  that 
t h e  medial  c a s e  of a 3,000,000-t.on/year plant 
under 10% financing produces s a l t  a t  s l ight ly  
under $1.00 per ton, which is the cos t  of mined 
s a l t  i n  the  United S t a t e s  at. the  mine .  Although 
not shown, there  is a very s l ight  variation of 
manufacturing c o s t  with c o s t  of electricity. The 
v a l u e s  giver1 ;iTe for power at 2 rnills/kwhr but 
apply almost exact ly  f o r  1 and 4 mjlls/kwhr as 
well. About 2$/toii must b e  added when power 
c o s t  i s  8 mills/kwhr. The concentrated brine 
feed w a s  given zero cost .  

Caustic and Chlorine Manufacturing C o s t s .  - 
'The manufacturing c o s t s  of chlor ine and caus t ic  
for a number of s i tua t ions  were computed. Since 
e lec t ro lys i s  o f  brine is the  only real ly  significant 
source  of chlorine throughout t h e  world, no other 
production method for chlorine was  considered. 
In  t h e s e  ca lcu la t ions  t h e  variab!es and the i r  
va lues  are as follows: 

Interest  rate,  % 

Plant  capacity,  tot is /day of cl2 

2.5, 3, E,  and 20 

300, 500, l2~10, and 
%OOG 

Salt cost, dol la rs / ton  I , &  6 ,  and 10 

T h e  underlined va lues  are ,  as before, for t h e  
s tandard or reference case. Variable utility 
c o s t s  again are the same as those used  for am- 
monia. 

by present  Un i t ed  S ta tes  s tandards,  but in the  
future the average could be 1000 tons/day; the 
largest chlorine plant  today h a s  21 capac i ty  of 
5000 tons/day. In most developing countr ies ,  a 
lWO-ton/day chlorine plant would be large. T h e  
$3.00 per ton c o s t  of salt would be t h e  c o s t  when 
t ransportat ion is included to  del iver  t h e  s a l t  
severa l  thousand miles by ocean freighter; for 
example,  $1.00 per ton solar. s a l t  rnade on the  
c o a s t  of India js sold a t  por t s  in j a p a n  for $3.00 
per ton. l T  

Typica l  computed c o s t s  a re  shown graphically 
in  Fig. 5.183-c for in te res t  ra te ,  plant capaci ty ,  

A capac i ty  of 500 tons /day  of chlorine i s  average 

l 7 p - i v a t e  communication, IJ.N. lnciustrial Develop- 
men t  Ori:ariizat.ion, September 1967. 
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I I ~ 

EFFECT OF COST OF MONEY 

COST OF 
SALT 

I 
EFFECT OF SBLT COST 

/ 

2 4 6 8 40 
POWER COST (m l l l s / kwhr )  

ORIUL-DWG 58- 
I I 

~ 

-7: 
EFFECT OF CAPACITY 

CAPACiT’ 
~ (tons/day 

. I 
0 2 4 6 8 i o  

POWER COST (mi i ls /hwhr) 

STANDARD CASE 

( 4 )  COST OF MONEY I = (0% 

(21 CAPACITY =4000 tons/doy CI, 

( 3 )  COST OF SALT = S 3 / t o n  

Fig.  5.18. Manufacturing Costs  for Product ion of Chlorine. 
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and s a l t  c o s t ,  respect ively,  a s  var iables .  E a c h  
plot shows the gross  manufacturing c o s t  of 
chlor ine vs powet c o s t  i n  mil ls  per  kilowatt-hour. 
No break-even power c o s t s  a re  shown  s i n c e  no 
comparison with a competing p r o c e s s  or  s i tuat ion 
w a s  used. 'The heavy l ines  represent  the s tandard  
case of 10% c o s t  of money, 1000 t o n s  of CI, per 
day,  and s a l t  at $3.00 per  ton. 

Costs of Seawater Treatment. - A c o s t  compari- 
of t h e  four seawater  treatment methods l i s ted  

i n  Sect. 5.3.3 ind ica tes  that treatment with equi-  
molar amounts of hydrochloric acid and c a u s t i c  
s o d a  is gerierdly the  l e a s t  expens ive  of  a l l  t h e  
a l te rna t ives  (Sect. 5.3 .3)  and tha t  treatment with 
sulfur ic  acid is the  next  mas t  economical. T h e  
HC1-NaOW method is s e n s i t i v e  to  power cost be- 
cause i t  is b a s e d  o n  the  u s e  of br ine e lec t ro lys i s ,  
whereas  u s e  of sulfur ic  acid is almost completely 
insens i t ive  to  power cos t .  With power at 4 mil ls /  
kvvhr the  HC1-NaOH method is competitive with 
sulfur ic  acid produced f rom sulfur  a t  $45.00 per  
ton, a very low price under present  condi t ions.  
ful l  d i scuss ion  o f t h i s  subject  is presented in  
Appendix SA. 

A 

5.5.2 Rui lding Block Cost Summary for Magnesium 
Chloride, Magnesium Metal,  Potassium 
Fert i l izers,  Sulfuric Acid, Portland Cement, 
Iron, Steel, Acetylene, and Soda Ash 

A:; previously indicated,  production c o s t s  for a 
number of chemical  products  were determined in  
insufficient deiai l  to  make parametr ic  computer 
s tud ies ;  c o s t s  for t h e s e  a re  summarized here. 
T h e s e  products  include anhydrous magnesium 
chloride, magnesium metal, potassiurn fer t i l izers ,  
sulfur ic  acid,  and portland cement  from seawater ;  
and i ron,  s tee l ,  acetylene,  and s o d a  ash ,  Suf- 
f ic ient  dat a h a v e  been obtained for t h e  production 
of seawater  chemica ls  t o  do a computer c o s t  
ana lys i s ,  which i s  planned for the near future. 

Costs of Recovery of Chemicals fram Solar Salt  
Bitterns. - The economics  of t h e  recovery of t h e  
seawater  chemicals  l i s ted  above and of the elec- 
t rolyt ic  reduction of anhydrous magnesium chlor ide 
to magnesium metal and chlorine w a s  s tudied  i n  
cons iderable  detail.  
s t u d i e s  a re  shown i n  T a b l e  5.4 for 10% c o s t  of 
money, a power r a t e  of 4 mills/ltwht, and United 
S t a t e s  conditions. 
for anhydrous magnesium chlor ide were also de- 

Typical  r e s u l t s  of t h e s e  

In addition, manufacturing c o s t s  

termined for the  non-United S ta tes  case. Typical  
present-day United S ta tes  f.o.b. p r i c e s  for t h e  
var ious products are a l s o  given. 

F o r  severa l  of the  products  where high-tem- 
perature  (?200O0F) heat  is required, a compari- 
s o n  is made between the  u s e  of f o s s i l  fue ls  a t  
SO$/MMBtu and e lec t r ic  heat ing at  4 rnillsikwhr. 

As shown i n  Table  5.4  t h e  cost  of producing 
magnesium metal, us ing anhydrous magnesium 
chloride produced loca l ly  by f o s s i l  fuel heating, 
w a s  found to b e  $360.00 per ton under United 
S ta tes  condit.ions and 10% cost of money. Under 
the  same conditions the c o s t  of the magnesium 
metal  smelt ing s t e p  alone w a s  $290.00 per ton. 
?'he above  resuIts  assumed 110 credi t  for t h e  c:o-  
produced chlorine. When a $50.00 per ton c red i t  
i s  assumed,  the two c o s t s  given a b o v e  are re- 
duced to  $260.00 and $190.00 per ton of m e t a l  
respectively. One of t h e  advantages of magnt:sium 
metal production by th i s  method is tha t  it a l s o  
produces chlorine (without c a u s t i c  s o d a  a s  a co- 
product), which is iiormally i n  la rge  demand in  
highly industr ia l ized i ia ions .  

A more c:omplete d iscuss ion  on magnesium 
metal production c o s t s  and t h e  eco!iomics of t h e  
recovery of chemica ls  from seawzjter is given in 
Appendix SA. 

- T h e  economics 
of the production o f  iron and s t e e l  i s  b a s e d  on 
t h e  eight process ing  schemes of T a b l e  5.5. T h e  
iron and s t e e l  c o s t  s tudy wiis limited by t h e  f a c t  
that ,  although a number of a l te rna t ives  to the 
convetitiorial (blast  furnace, coke oven, b a s i c  
oxygen furnace) s teelmaking sys tem have  been 
tes ted ,  insuff ic ient  economic d a t a  are present ly  
ava i lab le  o n  many of the a l te rna t ives  to make 
complete  comparisons. 'T'hus he  economic study 
w a s  limited t o  a comparison of approximate 

power costs. 
T h e  conclus ions  ol t h i s  s tudy are summarized 

i n  T a b l e  5.5. As noted in, t h e  table ,  the  c o s t  
f igures  presented should  be  valid for t h e  capac i ty  
range of 1,000,000 to 2,000,000 tons  of s t e e l  per 
year, t h e  capac i ty  of interest  to the  larger  de-  
veloping countr ies .  At t h e s e  capac i t ies ,  all t h e  
a l te rna t ives  represent  a capi ta l  investment  20 to 
4 3 %  below the  conventional method (blast-furnac:e- 
oxygen steelmaking). At higher c a p a c i t i e s  t h i s  

iron and Steel 

and electrode,  fue l ,  and e lec t r ic  

"Iron and St.eel Study prepared by A .  M. Squires, 
CCNY. 



advantage may well decrease  or even  disappear  
s i n c e  the s c a l i n g  factor for the mass ive  con- 
ventional iron- and s teelmaking equipment i s  l e s s  
than the factor for most of the  al ternat ives  and 
b e c a u s e  the need for duplication of equipment for 
conventional sys tems occurs  at higher capac i t ies .  

Other conclusions which can  be  made in regard 
to capi ta l  c o s t s  among the  various a l te rna t ives  
of T a b l e  5.5 are  that ,  from a capi ta l -cost  s tand-  
point, e lectrolyt ic  hydrogen i s  m o r e  expens ive  to  
u s e  than hydrogen from steam-methane reforming 
for gaseous  reduction of iron ore and that t h e  
e lec t r ic  furnace route to  s t e e l  i s  l e s s  cos t ly  than 
oxygen s teelmaking and t h e  u s e  of the  traveling- 
grate prereduction-electiic pig-oxygen s tee l -  
making route. Coal, fluid fuel, and e lec t r ica l  
energy requirements and t h e  e lec t rode  carbon re- 
quirements for the  various a l te rna t ive  p r o c e s s e s  
are a l so  given. Column A presents  an opt imist ic  
es t imate  of t h e  to ta l  energy and carbon c o s t s  at 

3O$/MMBtu for f o s s i l  fue ls  and 2 mills/kwhr for 
e lectr ic i ty;  column B gives  a more conservat ive 
es t imate  based  on SOq/MMBtu for fuel  and 3 
mills/kwhr f o r  power. T h e s e  d a t a  ind ica te  tha t  
t h e  u s e  of e lectrolyt ic  hydrogen for the  gaseous  
reduction of iron ore rather t h a n  hydrogen from 
reforming resul ts  in higher energy a s  well as 
higher capi ta l  cos ts .  Conversely, the  u s e  of 
e lec t r ic  s t e e l  furnaces  resu l t s  in  higher energy 
c o s t s  than required for oxygen furnaces ,  thereby 
compensating for the capi ta l  c o s t  differences. 

With regard to  the Eketorp direct iron-making 
process ,  the  capi ta l  c o s t s  appear to b e  in t h e  
same range with the oxygen s teelmaking systems,  
but t h e  energy costs are somewhat lower. 
the  hydrogen rcduction process  that employs 
electrolyt ic  hydrogen, cab id inp ,  with carbon 
monoxide from a phosphorus-producing electr ic  
furnace or other  source,  and oxygen steelmaking, 
the capi ta l  c o s t s  are  in  l ine with sys tems using 

For 

T a b l e  5.4. T y p i c a l  Manufacturing Costs for Seawa?er Chemicals 

Cost  of money, i = 10%; power c o s t  ra te  = 4 mills/kwhr 

Product 

Po ta s s ium chloride 

Potassium sulfate  

Sulfuric a c i d  and  cementa 
F o s s i l  fuel  heat ingb 
E lec t r i c  heat ing 

Anhydrous magnesium chlor ide 

F o s s i l  fuel  heat ingb 
Electr ic  heat ing 

Magnesium metal 
F o s s i l  fuel heat ing of MgCI2.6H20, 

n o  C1, credi t  
Including $50.00 per ton credit  for 

C1, co-product 

P resen t  Manufacturing Cost  (dollars /ton) ____ United S ta t e s  (f.0.b.) 
United States  non-United S ta t e s  P r i c e  (dollars/ton) 

____ .......... .......... ~.. .  . . . . . . . . . ... 

11 16  

1 7  25 

22d 
37d 

35 
21 
32 

700 

360 

260 

%'resent U.S. (f.0.b.) p r i ces  for portland cement a n d  sulfuric ac id  a r e  $17.00 a n d  $35.00 per ton respectively. 

b F o s s i l  fuel  assuiiied to c o s t  50$/MM13tu 
'Cost per co-ton. 
dBreak-even power cos t  fo r  e lectr ic  hea t ing  v s  f o s s i l  fuel at 50@/MMRtu is 1.8 mills/kwhr. At  t h i s  power c o s t  t h e  

niariufacturing cos t  of anhydrous magnesium chloride is $21.00 per ton for U.S. conditions and $19.00 per ton for t h e  
non-U.S. case.  
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Table  5.5. Routes to Steel - Preliminary Evaluations f o r  Grass -Roots  Plants on the 
1,000,000. to 2,000,000-ton/yeor S c o I e  

Scrap assumed t u  b e  unavai lable  

Cost of Energy and 
Cap i t a l  Cost  Energy Requirements  Carbon (dollars per 

ton per year)  Coal (1b)” (MkImu)b (kwhr) 

Elec trode __ .............- 
ton of s t ee l )  

Column A‘ Column B~ 
._-I- Carbon (Ib) - Flu id  F u e l  Electr ic i ty  P rocess ing  Scheme (dollars per 

Ore s inter ing i~ coking -t 

Traveling-grate prereduc- 5 4  

7 3  

blast  furnace t oxygen 

t ion  71 electr ic  pig furnace 
-t oxygen 

Ilydrngen from methane f 44 
13-iron t electr ic  furnace 

Hydrogen frnrri methane i -  52 
El-irnn i oxygen (Kaldo) 

Eketorp  “direct” ironmaking 52? 

2 1  75 1.5 30 
(28.3) 

1600 980  
(20.8) 

18.1 64 5 

320 18.1 1 9 0  
(4.2) 

17.0 180 

8 at 15q 

1 a t  30q 

9.00 14.99 

9.40 14.50 

0.02 1‘1.29 

7.07 11.72 

5 .4 h 9 I 04 

Electrolyt ic  hydrogen t 5 3 3480 11 a t  300 12.26 lti.74 
H-iron ~L e lec t r i c  furnace 

Electrolyt ic  hydrogen i 56 320 3 93 0 9.12 13.89 

IT-iron : oxygen (Kaldo) (4.2) 

H-iron + ncarbiding i 
o x y g e n  (conceptual)  

Electrolyt ic  hydrogen -t 48? 6.0 2130 6.06 9.3C) 

(as C O )  

~ __._ 
i___ 

d V a l u e s  in  pa ren theses  a r e  i n  million Etu.  
’Million Bri t ish thermal un i t s .  
‘Fossi l  fuel  at  30@/MMBtu and electr ic i ty  a t  2 mills/kwhr. 
d F o s s i l  fuel a t  50$/MMRtu and electr ic i ty  a t  3 mills/kwhr. 

t ~ l e c t r i c  futnace s teelmaking,  and  t h e  energy costs 
are nearly as low as the  Eketorp p r o c e s s  require- 
ments. Although not shown, u s e  of hydrogen from 
retorming might resul t  i n  e v e n  lowet c o s t s .  

A second comparison was  made for a tuel-rich 
country s u c h  as Kuwait, w h c h  might b e  unable 
fo market d l  i t s  natural g a s  production. In t h i s  
cabe ,  a s  shown 111 T a b l e  5.6 for three ot t h e  
routes  to s t e e l ,  the  c-osts tor energy are  drast ical ly  
reduced. T h e s e  cos t  advantages  are probably not 
la rge  enough to  be decis ive.  C o s t s  re la t ing to  
s u p p l i e s  of both taw mater ia ls  and labor  could 
e d s i l y  offset  t h e  energy-cost advantage. T h e  in- 
abi l i ty  of the finel-rich country to market i t s  
natural gas  i s  3 reflection of the  lack  of loca l  

markets  for a l l  commodities -. not merely g a s  -. 
and probably also ref lec ts  an a b s e n c e  of people. 

Final ly ,  t h e  argument that  m u c h  of t h e  s t e e l  
production in  t h e  fu tu re  in  developing couritries 
will resul t  from the  purchase and reclamation of 
scrap  s t e e l  f rom advanced countr ies ,  as i s  done 
i n  industr ia l ized Japan,  appears  invalid, s i n c e  
there  is a s t rong  trend in t h e  highly industr ia l ized,  
large s teel-consuming nations to  reprocess  their  
own scrap .  

I t  is o u r  opinion that  the resu l t s  of this  s tudy 
on al ternat ive routes to s t e e l  for developing 
countr ies  a s  compared with the  b l a s t  furnace 
technology appear  sufficietitly attr;ict.ive to warrant 
further economic s t u d i e s  on the var ious  alterna- 
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Table  5.6. Routes to  Steel - Rough Evaluations for Gross-Roots Plants  in a Fuel -Rich Country 

Unable to Market Natural Gas 
................ .. 

Cost  of Energy 
and Carbon 

Process ing  Scheme (dollars per Petroleum Flu id  Fuel Elec t r ic i ty  Carbon (dollars per  ton 
Capi ta l  Cos t  ____ Energy Requirements Electrode 

(Ib) of s t e e l )  ton per year )  Coke (Ib) (MMBtu) (kwhr) 

................... ... 

Hydrogen from methane + 44 18.1 a t  10q 645 a t  0.26 11 at  25q 5.85 
11-iron i electr ic  furnace 

HydrogPn from methane - 52 170 18.1 a t  1Oq 190 a t  0.26 
H iron L oxygen (Kaldo) (7 4a a t  

25q)  

2 .79  

Eketorp direct  steelmdking 52 7 20.0 a t  1Oq 180 at  0 . 2 ~  2.36 

aMillion Brit ish thermal units (MMBtu).  

t ives ,  including the  preparation of preliminary 
des ign  s tudies  by  an archi tect-engineer ,  on t h e  
more at t ract ive al ternat ives  t o  firm up the c o s t s .  
T h e  p r o c e s s  utilizing the  hydrogen reduction of 
iron o r e  followed by fluid-bed carbiding with 
carbon monoxide appears  suff ic ient ly  interest ing 
to  warrant a t  l e a s t  some preliminary research and 
development . 

Monufoctur ing  Costs for A c e t y l e n e .  l 9  - A corn- 
pai ison w a s  made of the  production of acetylene 
from naphtha by the e lec t r ic  arc and “part ia l  
oxidat ion” processes .  T h e  assumed plant  
capaci ty  (116.4 tons/day)  i s  sufficient for t h e  
production of 250 tons  of vinyl chlor ide per day 
by t h e  conventional hydrogen chlor ide process .  

A s tudy of the  various electr ical  p r o c e s s e s  led 
t o  the  choice of the  Orbach MHI) hydrogen plasma 
process  using a spec i f ic  energy consumption of 
2.75 kwhr per pound of ace ty lene  produced, and 
a yield of 34.5 wt % on the naphtha charged. 
Using a naphtha feed va lue  of about l$ / lb  (ex- 
refinery), forecast  as  a reasonable  figure for India 
i n  the  next  f ive years ,  a 4-mill power cos t ,  and  a 
40$/MMBtu fuel g a s  credit, a figure of 5.1$/lb 
i s  es t imated as the c o s t  of the  acetylene produced. 
By lowering t h e  power c o s t  to  2.5 rnills/kwhr and 
assuming some other favorable factors ,  t h e  product 
c o s t  can  b e  lowered to 4.4$/lb. 

...... 

Acetylene study made by W. E. Lobo, consulting 1 9  

chemica 1 engineer. 

T h e  SBA-Kellogg par t ia l  oxidation process  h a s  
been  taken a s  representat ive of the al ternat ive 
route. A weight percent yield of 35% of acetylene 
c a n  b e  expected when producing c l o s e  t o  t h e  
rninimiim of ethylene,  which i s  s e n t  t o  t a i l  gas .  
With the  unit va lues  assumed and including a fuel  
value of $0.40/MMBtu, the  c o s t  of acetylene comes 
out a t  7.8$/lb, nearly 50% higher than that  shown 
for the  a rc  process. 

Where cheap power is avai lable  t h e  a rc  process ,  
and more particularly that  us ing  hydrogen plasma,  
producing high yields  of high ace ty lene  concen-  
tration g a s e s ,  should thus  b e  in a inost favorable 
position; i t s  further invest igat ion and development 
are c lear ly  warranted. 

Soda Ash M a n u f a c t u r i n g  Costs .  - When c a u s t i c  
i s  used for seawater  treatment, 23% of the calcium 
precipi ta tes  as CaCO,, and an evaporator tem- 
perature of 294°F i s  a t ta inable .  If higher tem- 
peratures  are desirable ,  s o d a  a s h  h a s  to  b e  added 
to  precipi ta te  more calcium. T h i s  is obtained 
e i ther  by the carbonation of caus t ic  s o d a  or  by t h e  
Solvay process .  T h e  former method i s  not advis-  
a b l e  in  a non-United S ta tes  locat ion because  t h e  
additional c a u s t i c  requirement could c rea te  the  
problem of disposing of t h e  co-product chlorine. 

T h e  Solvay process  not only provides  soda  a s h  
for seawater  treatment but a l so  provides  calcium 
chlor ide for poss ib le  internal u s e  within the com- 
plex,  such  a s  in  gypsum recovery and the produc- 
tion of anhydrous magnesium chlor ide from s e a -  
water. T h e  c o s t  d a t a  i n  T a b l e  5.7 are  for a 1000- 
ton/day N a 2 C 0 ,  plant. 



79 

Table 5.7. Cost Summary of Soda Ash Production by t h e  Solvay Process 

1oM tons of Na ,C0,3  per day Capacity:  

Production Cos t  (dullar;;/ton) with Electric Power at. - 

1 millikwhr 2 rnills ikwhr 4 mills/kwhr S mills ikwhr 
--l-_____ll_l - 

_I_ _lll.__--ll I__._.__._....___._. 

Direct c o s t  18.00 18.40 19.20 20.50 

T o t a l  manufacturing c o s t  
with cost  of  money ,  i ,  of: 

2.5% 27.10 27.50 28.30 29.60 
5 70 29.30 29.m 30.50 31.90 

10% 34.10 34. 50 35.40 36. SO 
2 e 7 0  45.20 45.60 46.60 48.10 

__I_..__..__._____.-.-.----- _.__I__ 

T h e  capi ta l  c o s t  of a 1000-ton/day Na,CO, 
plant  is 535 million; 2 "  the  sca l ing  factor is 0.82. 
All i t ems  of the operat ing c o s t  will scale linearly 
except  labor, which i s  about 0.68. 

per  ton f.0.b. producing plant ,  which according to  
Table  5.7 would be  equivalent  to  a manufacturing 
c o s t  that inc ludes  a 6% c o s t  of  money. In a de- 
veloping nation l ike India, a s o d a  a s h  plant  could 
h e  jus t i f ied  provided the  total  manufacturing c o s t  
did not exceed  $41.00 to $46.00 per ton of Na,CO,, 
allowing $10.00 to $15.00 per ton €or the  c o s t  of 
shipping. T h i s  pr ice  range would probably be  
pretty firm. Xn general, there  is no competition 
from c a u s t i c  soda ,  b e c a u s e  i t s  demand typical ly  
is equal  t o  or greater than its supply  i n  a develop- 
ing nation. 

T h e  market p t ice  for s o d a  a s h  is currently $31.00 

5.5.3 Summary of Building Slock Results  

Most of the preceding information concerned the  
four power- intensive products: ammonia from 
electrolyt ic  hydrogen, e lectr ic  fu rnace  phosphorus, 
aluminum, and caustic-chlorine. 
shown (Fig.  5 .7)  that  the controlling manufact.ur- 
ing costs for ammonia, phosphorus, and aluminum 
were for power, raw materials, and capi ta l  in- 
vestment, respect ively,  and that for caustic- 
chlorine, cost of electr ic i ty  w a s  controlling a t  
high power rates  and capi ta?  c o s t s  a t  low power 
ra tes .  T h e  contribution of  power c o s t  to to ta l  
manufacturing c o s t  w a s  shown (Fig.  5.8) to  vary 
from 70% for ammonia t o  14% for aluminurn ingot 
when t h e  power ra te  is 4 mills/kwhr. 

T h e  magnitudes of the var ious direct  and in- 
direct  c o s t  components and t h e  overal l  manufactur- 
ing c o s t  a r e  shown i n  Table  5.8 for the major 
power-cost-intensive products  and their  precursors. 
The  var ious c o s t s  a r e  for the reference va lues  of  
the severa l  parameters  s tudied,  a s  l i s t e d  on Figs .  
5.9, 5.15, 5.16, and 5.18 for ammonia, phosphoric 

First, i t  was 

Before proceeding to a discuss ion  of the economics ac id ,  aluminum, and chlorine, respect ively,  and a t  
a power c o s t  of 4 mills/kwhr. 

In order i.o provide b a s e s  for production c o s t  
comparisons, the manufacture of cllmmonia from 
electrolyt ic  hydrogen was  compared with i t s  
synthesis from 
naphtha (or methane) reforming (Fig.  5.12), t h e  
production of phosphoric acid from e lec t r ic  furnace 
phosphorus was  compared with i t s  manufacture by 
the  acidulat ion of phosphate  rock with sulfur ic  
acid (F ig .  Sals), and the production of fabricated 
aluminum from bauxi te  shipped about 10@0 miles  

of industr ia l  complexes it may be well, a t  th i s  
point, to summarize t h e  c o s t  resu l t s  for  the indi- 
vidual  processes and products a l ready presented 
i n  t h i s  sect ion.  
tha t  a l l  c o s t s  are  for battery limit plant  s i tua t ions  
and that  the  costs of off-s i te  fac i l i t i es  are ex-  
c luded;  second,  nearly a l l  t h e  resu l t s  are  for 
IJnited S t a t e s  economic condit.ions d w i n g  rnid- 
1967. 

2 o p  

Firs t ,  i t  should be reemphasized 

ob+ained from 

rivate communication, Diamond Alkali  Co. 



T o b i e  5.E.. Production Cost  Summary for Maior Products a t  Parame?ric Reierence Values 

Camiic-Chlor ine  Aluminum Alumina 

Bauxite (Ingo:! (Fabricated) Chlorine 5070 Caust ic  

Ammonia Phosphoric Acida 

From Electrolyt ic  From Reformed I3y E lec t r ic  By Wet-Acid f r o m  - 
liydrogen Kaphtha Furnace  P Process  

Production cos t s ,  dollars / 
t o n  

Raw materials 
Ctiiit:ese 
Labor and Overhead 
Sup p 1 i e s 

T o t a l  direct c o s t s  

Recovery of investment 

Return on investment 
Interest on working capita: 

Total  indirect cos ts  

Conversion, P, to M 3 P 0 4  

Total  manufacturing cos: 

Plant  capaci ty ,  t o n d d a y  
Piant investmen:, lo6 ciollars 

0 

33.62 
1 .20  
1.68 

36.50 

2.04 
6.49 
0.76 

3.29 

-- 

-- 

2 i .60  

3.64 
1.20 
2.14 

28.58 

1.68 

5.33 
0. G O  

- 

7.61 

45.79 

i o00  

25.2 

3G.19 

I000 
18.5 

49.81 
21.99 

5.34 

3.74 

80.88 

2.16 
6.85 

1.59 

10.61 

5.33 

95.82 

1500 
40.3 

- 

I_ 

___ 

90.1 CJ 

1.30 
6.45 
2.23 

100.08 

0.64 

2.02 
1.82 

4.48 

104.56 

1500 
19.2 

23.63 155.08b 
7.85 56.66 
3.73 57.81 
3.82 13.97 

36.23 281.52 
- _ _ _  

4.90 22.32 
15.58 69.96 
0.93 6.13 

21.41 98.11 
-_I_ 

_ _ _ _ _ _ _  
57.64 379.53 

548 274 
31.2 101.1 

382.50‘ 
13.40 
88.01 
27.25 

511.16 

26.90 
85.48 
10.42 

122.80 

5.55 

13.25 
2.65 
5.57 

27.02 

1.6s 
5.33 
0.57 

7.58 

- 

___ 

533.95 

274 
186.6 

34.60 

1300 
1 8 . 5  

30.6Sd 
I .58 
0.27 
0.30 

32.80 

0.47 
1.48 
0.59 

2.54 

35.34 

1130 

5.8 

P,O,. 
’Includes all  c o s t s  of alumina refining. 

‘Kncludes a l l  c o s t s  of alumina refining and aluminum smeltj 
d Inchdes  a l l  c o s t s  of brine eiecrrolysis .  
ePower  c o s t  = 4 miXs/kwhr. 

.ng. 

co 
0 



by s e a  from a bauxi te  mine w a s  compared with i t s  
manufacture  using alumina shipped 6000 m i l e s  by 
sea to a plant  where t h e  power rate  w a s  2 mills/ 
kwhr (Fig. 5.16). 
power c o s t  w a s  defined as tha t  power ra1.e for  
which manufacturing c o s t s  by the  al ternat ive 
~ ~ i e t h o d s  were equal. 
e f fec t  of the  var ious parameters s tud ied  on t h e  
break-even power costs for t h e  three products 
noted above  and for caust ic-chlor ine (Fig. 5.18) 
a t  a production c o s t  of $40.00 t o  $50.00 per ton 
of chlorine. For  a l l  products  the  parameters  were 
c o s t  of money, plant  capaci ty ,  and raw mater ia ls  
cos ts .  An addi t ional  parameter for ammonia w a s  
water-electrolysis  c e l l  current  dens i ty  for the ex- 
perimental Allis-Chalmers cell chosen  as t h e  
s tandard.  

In Fig. 5.19 t h e  a b c i s s a  is break-even power 
cost and the ordinate is without s ign i f icance .  
For e a c h  product the  e f fec t  o n  break-even power 
c o s t  of e a c h  parameter taken alone is shown by a 
horizontal l ine;  t h e  l imi t s  for t h e s e  parameters  
are  given a t  e a c h  end of the  line. T h e  parameter 
is noted to  the right of e a c h  l ine along w i t h  i t s  

In t h e s e  comparisons break-even 

Figure  5.19 summarizes  t h e  

2 

uni t s  and value for t h e  s tandard or reference c a s e .  
T h e  products  a re  arranged downward by increas-  
ing break-even power c o s t  o r  profit ability. Figure 
5.19 shows that  the  reference case break-even 
power c o s t  for ammonia is 2.6 rnills/kwhr and 
that  the controlling parameter is naphtha cost for 
the  steam-naphtha reforming process  alternative. 
T h e  break-even power c o s t  for aluminum is 4.6 
mills/kwhr, and here  both capi ta l  and raw 
mater ia ls  c o s t s  a r e  highly s ignif icant .  For 
phosphoric  a c i d  t h e  mean break-even power c o s t  
is 5.3 mills/kwhr, and the c o s t  o f  sulfur is the 
controlling parameter f o r  the wet ac id  process  
a l ternat ive.  Final ly ,  t h e  median power cost to 
produce chlor ine a t  $45.0@ per ton is 5.6 mil ls /  
kwhr, and all parameters  a r e  s ignif icant .  

Additional s t u d i e s  made on arnrrionia production 
included: (1) the  u s e  of steam-met lime reforming 
i n  t h e  United S ta tes  as a source of hydrogen for 
ammonia s y n t h e s i s  (Fig. 5.12), (2) t h e  use of ad- 
vanced De Nora and General Elec t r ic  a s  well a s  
Allis-Chalmers water e lec t ro lys i s  c e l l s  (Fig. 
5.11j, and ( 3 )  the use of off-peak power for the  
production of electrolyt ic  hydrogen fur ammonia 

I AMMONIA 
20- 2.5 SOST OF MONEY (10%) 

3000 H--l 3 0 0  CAPACITY ( 1 0 0 0  tons/dny NH,) 
15 35 NAPHTHA COST ($27/tonj 

I___( 70 
I 

METHANE COST ($ / i o6  B t u )  

i600  H-4 400 CURRENT DENSITY ( 8 0 0  a r n p / f t z )  

ORNL-DWF68-8506 

I A1 UMINUM 
20 1- 2.5 COST OF MONEY (lO'/ol 

60 685 CAPACITY ( 2 7 4  tons/day FABRICATED Al.UMIhUM) 
3 t-1 14 BAUXITE COST ( $ 8 / t o n )  

60 - 77 ALUMINA CqST ( $ 7 7 / t o n )  

I PHOSPHORIC ACID 
20  l--H 2.5 COST OF MONEY (10%) 

5 0 0  I--ti 3435 CAPACITY (45013 tons/day P205 ) 
17 H-l 5.50 PHOSPHATE ROCK C05T (49.60/ ton)  

I 465 SULFUR COST ($5O/ to i l )  3 2  I 

I C A U ST IC C H LOR IN E 
7 0  t-I 2.5 cosr OF M O N E ~  (10%) 

300 l = = 4  2090 

40 P-1 50 CHLORINE MFG. COST ( $ 4 5 / t o n )  

CAPACITY (1000 tons/doy CI2) 
101" 1 SALT c,OST ( $ 3 / t o n )  

45 
I I I L - - l - - - I 1 - - J  I 

0 4  2 3 4 5 6  1 8 9 1 0  
BREAK- EVEN POWER COST ( r r i i l l s / kwhr )  

Fig.  5.19. Summary of Manufacturing Cost R e s u l t s  for Ammonia, Phosphoric Acid, Aluniinum, and Coustic- 

Chlorine Production. 
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s y n t h e s i s  (Fig.  5.13). T h e  steam-methane study 
showed that for a reas  in  the United S ta tes  where 
natural g a s  c o s t s  35$/MMBtu, the u s e  of e lectro-  
ly t ic  hydrogen i s  competitive a t  a break-even power 
c o s t  of 1.5 mills/kwhi. T h i s  compares  with a n  
average break-even power c o s t  of 3 Iilllls/k\vhr 
for  the  u s e  of steam-naphtha reforming (at $27.00 
per ton of naphtha) i n  overseas  instal la t ions.  With 
regard to  the  three  advanced water e lec t ro lys i s  
c e l l s ,  a l l  three were found t o  b e  competi t ive (within 
10%) and to be  ab le  to  produce ammonia at  a cos t  
about 30% l e s s  than with presently used commercial 
c e l l s .  Further development of the General Electr ic  
c e l l ,  particularly the u s e  of a carbon monoxide anode 

s tee l .  
comp lexing s tudies ,  they will not be d iscussed  
further. 

Since none of t h e s e  w e r e  u s e d  i n  t h e  

5.6 Summary of Industrial  Complexing Cost 
Parameters and Resul ts  

T h i s  sec t ion  expla ins  t h e  techniques  which 
were evolved i n  ut i l iz ing the industr ia l  building 
block d a t a  to  compute the c o s t s  for industrial 
complexes. Typical resu l t s  obtained i n  t h e  appli- 
cat ion of t h e s e  techniques a re  a l s o  presented and 
analyzed.  R e s u l t s  on calculat ions for nuclear. 
indust ri a1 and nuclear aero-industri a1 complexes atmosphere if carbon monoxide i s  ava i lab le  e l sewhere  . 

i n  the complex at  n o  c o s t ,  i s  expected to  resul t  in  
large future sav ings .  On the  b a s i s  of the  method 
s tudied for the exploitation of off-peak power, t h e  
power rate  would have to  be 2.6 or 2.3 mills/kwhr 
(compared with a rate for  continuous serv ice  of 3 
mills/kwhr) t o  break even  for operational periods 
of 18 or 1 2  hr/day respect ively.  For operating 6 
hr/day, the break-even off-peak power c o s t  was 
1.1 mills/kwhr. 

Determination of production c o s t s  for ammonium 
nitrate, urea, and nitric phosphate  fer t i l izers  (Fig. 
5.14) indicated that  production of t h e s e  secondary 
products, particularly nitric phosphate, was 
highly profitable. 

In non-Uni ted  S ta tes  locat ions,  where a large 
dual-purpose plant (nuclear reactor p lus  seawater  
evaporator) is much m o r e  apt  to  be  ins ta l led  than 
i n  the United States ,  the concentrated brine from 
the  evaporator appears  to b e  a very excel lent  
source  of sal t  and other  seawater  chemica ls  when 
markets e x i s t  for t h e s e  products. At an evaporator 
concentration rat io  of 2 the  saving in  land required 
over  the u s e  of raw seawater  for so la r  salt produc- 
t ion  i s  about 40%. T h i s  amounts to  about 4 0 ~  per 
ton of s a l t ,  basedon a land cos t  of $10.00 to  
$50.00 per acre plus  a land improvement c o s t  of 
$250.00 per acre. T h i s  represents  a saving of 
about one-third in t h e  cos t  of solar  sa l t  for a 
2,000,000-ton/year s a l t  works at 10% cos t  of 
money, which produces s a l t  for  $1.20 per ton when 
evaporator effluent i s  used .  

Less  ex tens ive  s tudies  were made on the  
production c o s t s  of chemica ls  from t h e  so la r  
s a l t  bi t terns  (potassium s a l t s ,  magnesium chloride, 
magnesium metal, cement, and sulfuric acid) and 
of acetylene by the arc  process  and iron and 

are reported in Chap. 7. 

5.6.1 Methods and Parameters Used in Industrial  
Complexi ng 

T h i s  sec t ion  expla ins  t h e  methods which were 
employed to u t i l i ze  t h e  building block da ta  re- 
viewed in Sect. 5.5 for the computation of c o s t s  
for an industr ia l  complex and inc ludes  d iscus-  
s i o n s  of off-site c o s t s ,  integration of p r o c e s s e s ,  
and raw materials and product va lues  used in  
complexing. Conversion of United S ta tes -based  
c o s t s  to condi t ions in  a developing country was  
d i s c u s s e d  in  Chap. 3. 

f rom the various industrial p rocesses ,  for which 
typical va lues  a re  given i n  a companion report, 
are not gross  mairufacturing c o s t s  s i n c e  they a r e  
based only on the  capi ta l  investments  required for 
battery-limits plants  and t h u s  lack necessary  s u p  
port (or off-site) fac i l i t i es  s u c h  a s  maintenance 
s h o p s  ; administrative f aci li  t i e  s; fire, safety , 
heal th ,  and securi ty  needs;  railroads; roads; raw 
material unloading and product loading faci l i t ies ;  
water distribution and sani tary fac i l i t i es ;  e tc .  
To provide for t h e s e  support f a c i l i t i e s ,  two func-  
t ions  giving fract ional  a l lowances for  off-s i tes :  

Off-Site C o s t s .  - Manufacturing c o s t s  of products 

2 1  

0.25/(10 x s u m  of battery l imits  plant  c o s t s  i n  

dol lars  x 10.. 6 ) 0 . 0 9 7  (1) 

7 

'11. E. Goeller, Tables f o r  Computing Manufacturing 
Costs  o f  Industrial Products i n  an Agro-Industrial 
Complex,  ORNL-4296 (to be published). 
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and 

0.128/(sum of battery l imits  plant costs i n  

dol lars  iO-G/ i00)”3L9 (2) 

were used.  Funct ion (1) g i v e s  complex support 
fac i l i t i es  as a perceritage of total bat tery l imits  
plant c o s t s  for total cap i ta l  inves tments  in  t h e  
range of l o 5  to lo8 dol lars ;  function (2) appl ies  
to the  range of 10’ to lo9  dollars. T h e  u s e  of 
t h e s e  funct ions resu l t s  in  off-s i te  c a p i t a l  c o s t s  
of $1.5 million for plant  invest-ments of IO7 dol la rs ,  
$13 million a t  lo8 dol lars ,  and $60 million at  
10‘ dollars .  T h e s e  funct ions were used through- 
out to obtain the resu l t s  presented i n  th i s  sect ion.  

For complexes manufacturing aluminum, func- 
tion (2) appears  to a l loca te  too much capi ta l  to 
off-s i te  fac i l i t i es ,  b e c a u s e  p lan ts  a s s o c i a t e d  with 
t h i s  process  a re  highly capi ta l  intensive;  there- 
fore, for t h e  nuclear  industrial and nuclear  agro- 
industr ia l  complexes in  Chap. 7 which include an 
aluminum plant ,  support fac i l i t i es  were a l loca ted  
according to  es t imates  provided by the  I?. M. 
Parsons Company of Los Angeles;  t h e s e  are  d is -  
c u s s e d  i n  Chap. 7. 

industr ia l  complex was assumed to  b e  1s years. 
T h i s  is somewhat conservat ive for t h e  aluminum 
industty but qu i te  reasonable  for the other 
p r o c e s s e s ,  consider ing fac tors  leading to  t h e  
o b s o l e s c e n c e  of cer ta in  p r o c e s s e s .  

integration of Processes. - In addition to  re- 
duct ion of t h e  total  cap i ta l  c o s t  of the complex 
by t h e  u s e  of common support fac i l i t i es ,  t h e  
integration of var ious industr ia l  p r o c e s s e s  may 
lend to additional s a v i n g s  b e c a u s e  the by-product 
o r  was te  of one p r o c e s s  may s e r v e  a s  the  raw 
material for another. 
chlor ine plant produces enough by-product hydrogen 
t o  supply a 300-ton/day ammonia plant. This 
could b e  used as a n  additional source  of hydrogen 
for ammonia synthes is ,  o r  the s i z e  of the  primary 
hydrogen supply could b e  reduced proportionately. 
Other  examples  are t h e  u s e  of nitric acid t a i l  
g a s e s  to supply nitrogen for a n  ammonia s y n t h e s i s  
plant  and the  u s e  of carbon dioxide from s e a w a t e r  
(removal of COz from seawater  i s  necessary  t o  
prevent s c a l i n g  of hea t  t ransfer  s u r f a c e s  i n  the  
evaporator plant; see Sect. 5.3) to provide raw 
material €or the  s y n t h e s i s  of urea. Benef i t s  of 
integrat ion of “building block” p r o c e s s e s  were 

T h e  lifetime of a l l  production p lan ts  in  an 

For  example, a 2000-ton/day 

utilized wherever poss ib le  when the  capi ta l  
costs of complexes were determined. 

Raw Mater ial  and Product Values Used in Com- 
plexing. - Economic appraisal  of poss ib le  benef i t s  
o f  an industr ia l  complex requires r e a l i s t i c  as- 
sumptions a s  t o  t h e  c o s t  of raw mater ie ls  and the  
wholesa le  pr ice  of the  products (f.0.b. plant). 
va lues  used  i n  t h i s  s tudy are based  on  consul ta-  
t i o n s  with industr ia l  and government experts  in  
t h i s  country and India  and on var ious references.  
T h e  va lues  a t  mid-1967 assumed for t h i s  study are  
l i s ted  i n  T a b l e  5.9. 

C a u s t i c  i n  the  United St a t e s  and chlorine in 
developing count r ies  a re  assumed to have no 
value b e c a u s e  they are currently i n  oversupply. 
T h i s  i s  a n  oversimplification, however, b e c a u s e  
they d o  have s o m e  minimum “dumping” value. 
For complexes producing desa l ted  water, c a u s t i c  
and chlorine (as hydrochloric a c i d j  could be  
ut i l ized t o  1 reat t h e  incoming seawater  t o  prevent 
sca l ing  of hea t  transfer sur faces  i n  t h e  evaporator 
( s e e  Sect. 5.3.3 and Appendix SA). 

T h e  overal l  economics of a complex is very de- 
pendent on  the assumed va lues  shown in T a b l e  
5.9, and t h e  va lues  shown for foreign complexes 
a re  subjec t  to  change, depending upon spec i f ic  
locat ions,  but are typical for a country such  as 
India. T h e  d a t a  shown for United S t a t e s  com- 
p lexes  represent ,  i n  our bes t  judgment, mearring- 
ful  f.0.b. plant p r i c e s  for the products  and ma- 
t e r i a l s  as l is ted.  

Conversion of United States-Based C o s t s  to 
Foreign Conditions. -- T h e  fac tors  applied t o  
United Si-ates-based capi ta l  and operat ing c o s t s ,  
including manpower requjrements and labor ef- 
f ic ienc ies ,  to obtain equivalent  costs €or appl ica-  
t ion to p l a n t s  in  devtdoping count r ies  a r e  derived 
and explained i n  Chap. 3 .  

T h e  

5.6.2 Computer-Calculated Cost Results for 
Industrial  Complexes 

T h i s  section presents  typical  computer re- 
s u l t s  from t h e  72 industr ia l  complexes for which 
c o s t s  were detennined. The computer handles  
s e v e n  product mixes at a time, but for ei ther  
United S ta tes  or non-United S ta tes  condi t ions 
only, t en  runs of s e v e n  complexes e a c h  were 
made using various combinations of t h e  industr ia l  
building b locks  previously d i s c u s s e d  to de- 
termine t h e  e f f e c t s  of the  various parameters. 
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T a b l e  5.9. Cost  o f  Raw Materials and Wholesale P r i c e  (F .O ,B .  P lant )  of Pioducts for 

Uni ted States and Foreign Complexes 

Cost  (dollarsl’ton) 

U.S. Foreign 
Raw hlaterial 

1 

Bauxite 8 a  5.50’ 

Phosphate  rock 9.60d l g e  

Sil ica gravel or rock l b  l b  

Sal t  3’ 3b  

Coke 17‘ 17b  

Product  

Wholesale P r i c e  
(dol lars / ton)  

U.S. Foreign 

Aluminum‘ 650 800 

Ammonia 30 45 

Phosphorusf  1 0 0  131‘ 

Chlorine SO g 

Caus t i c  g 80 

Ureah 60 7s 

Ammonium nitrateh SO 65 

Nitric phosphateh 60 80 

Solar s a l t  3 
.................... 

aImported to seaport  locat ion from Surinam or Jamaica.  
‘Raw material  obtained locally.  
‘Sheet, plate,  and wire. 
dFlorida pebble shipped 1500  miles  by s e a ;  cos t  a t  mine $3.00 to  $4.00. 
eFlorida or Morocco rock shipped about  6000 miles to  a s eapor t  location. 
‘Assuliled product is elemental  phosphorus; however, pr ice  is l i s t ed  per ton of  P,O,; price a s  elemental  

gChlorine assumed t o  have  no value i n  developing nation; c a u s t i c  assumed to have no value in  U.S. (no caus t i c  

hBagged product; c o s t  of bagging included in manufacturing cos t .  

phosphorus is obtained by multiplying by 2.29. 

concentrator instal led in  U.S. chlor ine plant). 

One run of two complexes was  a l s o  made to ob- 
ta in  additional data. T h e  general  resu l t s  of the 
runs are presented in  T a b l e  5.10; however, 
interpretat ions are given la te r  for only a few 
runs to  indicate  typical  findings. 
runs coinpleted, 14 were for complexes under 
United S ta tes  conditions and 58 were for non- 
United S ta tes  s i tuat ions.  

Table  5.10 presents  an input suinmary of 
t h e  industrial-only complexes evaluated.  It 
includes the computer run number, whether the  
run  was for United S ta tes  or non-United S ta tes  
condi t ions ox both, the  products that  were pro- 
duced and their plant capac i t ies ,  and the total  
industr ia l  power required. T h e  f i rs t  order of 
breakdown i n  Table  5.10 is on the number and 
type of products  produced; thus  there are f ive  
sec t ions :  for one, two, three, or four products 
f rom energy-intensive processes ,  and for mixed 
fer t i l izers .  Under the first group ammonia, 

Of the  72 

phosphorus, aluminum, and chlorine, alone, a r e  
made a t  severa l  capac i t ies .  T h e  second group 
includes the manufacture of two product pairs ,  
(1) ammonia and phosphorus and (2) phosphorus 
and aluminum, at severa l  c a p a c i t i e s  and product 
ra t ios .  T h e  third group l i s t s  three-product mixes 
for all combinations of the  four products; in most 
cases various product ra t ios  a re  evaluated,  and 
in  some c a s e s  the total  complex capaci ty ,  a t  a 
fixed product ratio, i s  varied. T h e  fourth group 
provides  for a variety of product ratios and 
product c a p a c i t i e s  for a l l  four major products and 
includes four runs for determining incremental 
c o s t s  for each product by varying the  capaci ty  
of each  of t h e  four products, one at a time. T h e  
mixed-fertilizer group inc ludes  t h e  production of 
ammonia, phosphorus, and one or t w o  mixed fer- 
t i l i zers  a t  t w o  different capac i t ies .  In one run 
aluminum production is subs t i tu ted  for phosphorus 
manufacture. T h e  tabulated anirnonia c a p a c i t i e s  in 



Table 5.10. Summary of Input Dota  and R e s u l t s  far the  Industr ia l -Only Complexes 

K-3-7 

H-.?-6 

R-3-5 

K-1-2 

K-1.3 

R-3-4 
R-3-2 

R - I - l  

R-I -6 

K-1-7 

K-3-3 
K-'3-l 

K-1-5 
R-1-1 

R-7-1 
R-7-2 
K-11-1 
R-6-1 

R-7-3n 

R-7-3 
R-SP-,t 
R-11-2 

K- 7-4 

R-7-5 
R-11-3 

K-7-6 

R-5-7 

2-1 1 -6 

R-5-6 

K-11.7 
R-5-5 

R-11-5 
K-2-7 

K-11-4 
li-2-tr 

R-2- 5 

R-4-2 

R-12-5 
K.4-.? 

R-12.7 
R-2-4 
R-2-2 

R-0-5 
R - 9 6  
K-9-7 

R -6- 7 
K-4-4  

R-4-5 

R-4-7 

R-12-6 
K-1-3 

R-2-1 

K-12-4 
K4.5 
K-4-1 

R-9-1 
K-4-2  
R-9-3 
R-9-4 

R-7-7 

3130 
boll 

I400 
2900 

6 6  
150 
3 0 0  

975 

68.5 
137 
83 5 

666 1SLi0 

690 500 

1380 1000 

1075 250 

2150 500 

572 312 
1150 685 

750 I 9 2  
1500 384 

1500 68.5 

2370 1.500 685  

770 375 

3080 1500 

81.5 400 
1630 800 
3260 1600 

3180 1500 
3080 1600 
3rJXO 1.500 

1370 685 

2060 342 

1280 312 

310 595 685 

750 2 8 0  129 
1500 5 t 0  257 

3000 1120 514 

475 375 171 
951) 750 342 

1900 1500 6 %  

2000 15U0 655 
I C J W  1600 685 

1'100 1500 725 

1000 1500 685 

3000 1500 685 

,< 10b / 106 

Singlo-Product Runs 

10s 
21!1 
510  

1013 

34 
77 

154 
500 

4 1 
81 

54h 

300 5 5  

11.7 
20 8 

4.1 
79 

10.4 
16 .3  
23.8 
6 2  

79 

133 

5 04 

14.8 

500 

2 WJ0 

178 
355 

710 

2000 

2000 

2100 

?0110 
I000 

1000 

2 000 

750 
5 00 

1000 

so0 

icon 
2000 

2 000 

LOl fO 

2000 

2100 

?000 

Two-Product Runs 

1001 114 

4 $1 7 58 

995 1 05 

5 04 55  

1007 95 

518 296 
1037 467 50'2 

510 216 
1020 343 36Q 

1217 :3w 520 

Three-Product Runs 

2045 

506 

201hi2027d 

506 

1010/1012" 
2020 1102 3" 

I 060 
2077 
2035 

1 1 0 s  
102911034" 

101 6 t102 I" 

5.39 582 

69 
187 118 

63 

Y9 112 
177 200 

219 
222 
219 

518 
3 1 0  341 

330 363 

Four-Product Runs 

103,3/?043d 4'79 527 

517 180 
1022/11)?4" 277  ,303 

2044/204Hd 474 554 

515 213 
102611030" ,328 360 
2052/2ffild 560 ti16 

2096 618 
2113 hl'! 
208X I534 
2070 618 

2446 1140 

204 

17.3 

_ _  774 

2 63 

174 

90  
173 

114 

1'70 

193 

135 
2 4 8 

1.38 
2 78 

j r  106 

5 . 5  

10.5 
24.5 
18 

8.4 
16 .7  
3 1  
46 

19.6 
34 

148 

fi.1 

158 

62 
1 3 1  

4 4 

86 

12s 
217 

119 
224 

271 

311 

50 

223 

58 
113 
L2 1 

225 
23.3 
22.5 

153 
119 

212 

216 

78 
145 
272 

9s 
175 
329 

330 
3 38 
3 35 

330 

348 

x 106 

25 1 

208 

279 

3 04 

184 

85 
1 7 0  

120 

148 

247 

129 
258 

157 
334 

x 106 

4.7 
9.$ 

22.7 
35 

6 . 7  
1 5 . 3  
31  
99 

20 

40 

244 

12.5 

1 h? 

62 
123 

42 
55 

15s 
317 

13.3 
265 

153 

3 4 0 

65 
263 

60 

118 
236 

26s 
274 

1 6 6  

26.1 

10.3 

261 

328 

81 
171 
3.11 

111 
2 2 2  

4-15 

147 

44 5 

457 
449 

462 

2 0  

20 

21.3 

I I . 6  

15.4 

5 
8.3 

11.9 

16 .4  

21.2 

7.8 
12.1 

15.x 
20 

24.50 

...... 

3 . '1 
4.8 
5 . 9  
6 .2  

0 

0.1 
10 

115 

10.5 
14.5 

79 

.; 3 

14.4 

10 
11.Q 

6.4 

3 

2 0  

30 

16. 1 
21 

2G 

20 

18.6 
28.5 

13.2 
14.1 
17.5 

28.3 

28.5 
28.7 

3 5 . 3  

23 

'3.5 

31.3 

11.6 
18.6 
2 2 . 8  

17.5 
2 3  

2n.7  

28.9 
2 1  
30 

2 L ?  

27.8  
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Table 5.10. (Continued) 

Annual  
Tota l  Total Capi ta l  Product,on Annual Value Return on 

P o w e r  (dol la rs )  

Products and Capaci t ies  ( t m s  ‘day) Invejtlrnt of Products InvCStmCntb R ” “ N o .  ~~ .................... ~~ ....... ~ c o s t =  
(dol la rs )  (P) (dollar-) -.~ ............ .- - (>Iw) 

NH3 IW4NO3 Urea N‘tr is  
C.S. Non-U.S. U.S. n-U. s, U.S.  Non-U.S. U.S. plon-u.s. Phosphate p4 

\ I 0 6  x 106 x 106 

Mixed F e r t i l i z c r  Runs  

R-6-2 2150 3210 500 1021 114 114 134 
R-6-3 2150 1201 500 1011 109 93 1 05 
R-5-2 2150 2407 5 00 1021  117 102 12fi  
R-5-3 2150 4303 500 1019 119 121 181 
R-5-4 2150 1303 430 1044 387 156 255 

27.5 
21  
30.5 
59 
35.5 

R-12-1 1075 1.569 612 2 5 0  514 72 59 77 35 

R-6-,4 2150 3210 1201 5 00 1028 124 109 155 4 7  
R-12-2 1075 1569 102? ?SO 51 I 74 6 5  8 9  42.5 
R-6-5 2150 3210 I904 500 1022 127 110 179 57 
R-12-3 1075 612 1022 250 512 71 50 75 3 2 3  
R-6-6 2150 1201 1994 500 1024 1 2 1  111 149 41.5 

~ ~-.___ ._ ~~~ ~ ........ ...... ~~ ~~ - 
RPower  pu;cha.;ed a t  4 mills ‘k.whr, m t e r i s t  on workme, capital,  s inking fund  (15 -year  plant l ife),  arid r+tuin on  

b13aserl on productJon cost  lrom which the lor; KO1 ( s e c  footnote a )  w a s  deducted. 
inrestm-nt mmpul-d a t  10“’. cost of money .  interesl dur ine  construction not Included. 

‘In V.S. cases on ly  C12 IS sold, in  non-U.S. c a s e s  only ranslir.  1s sold.  Caus t ic  production ra te  IS 1.13 t i m e s  
l ls t rd  c1 pr”di,.-tl””. 

dDl f l rrPnce  I” powrr  resul l s  from extra puivor r+-qu,rr.mcnt In “on-V.S. complexes fo r  evapora tme cell liquor to 
S C T o  NaOH for sale. 

t h i s  group indicate  t h e  to ta l  amount made and include 
t h e  aiiiiiionia converted t o  ammonium nitrate, urea,  
and nitric phosphate. ‘ fhe  phosphorus and nitric 
phosphate  capac i t ies  are  totally independent. 

T a b l e  5.10 a l s o  presents  average-condition re- 
s u l t s  for a l l  of the United S ta tes  and non-United 
S ta tes  runs. T h e  se lec ted  condi t ions were a power 
c o s t  of 4 inills/kwhr and 10% c o s t  of money. 
Values  are  given for total cap i ta l  investment 
less interest  during construction, t h e  annual  produc - 
t ion  c o s t ,  t h e  va lue  of products manufactured in  t h e  
complex, and t h e  return on investment. 

In the  following examples  of industr ia l  con-  
p l e x e s  the terms “capi ta l  investment ,”  “operat- 
ing (or production) c o s t s , ”  “value of product” 
(a l l  on an annual basis) ,  and “break-even power 
c o s t ”  are used frequently. Therefore  i t  may b e  
advisable  t o  define each  to avoid ambiguity and 
misunderstanding. T h e  “capi ta l  c o s t s ”  a re  
total battery limit plant costs p lus  off-s i te  faci l i ty  
c o s t s ,  excluding in te res t  during construction. 
“Production c o s t s ”  are a l l  di rect  operating c o s t s  
plus  t h e  indirect c o s t s  assoc ia ted  with total  
cap i ta l  investment, exc lus ive  of interest  during 
construction. T h e  la t ter  include return on invest-  

ment, recovery of investment. and in te res t  o n  
woiking capi ta l ,”  a l l  at the spec i f ied  c o s t s  of 
money. 
t h e  summation of the  annual production of products 
times t h e  s a l e  pr ice  ( l i s ted  i n  T a b l e  5.9). Final ly ,  

break-even power c o s t ”  i s  that power c o s t  in  
mil ls  per kilowatt-hour at which production cos t ,  
including indirect c o s t s  at a spec i f ic  c o s t  of 
money, i s  equal  t o  the  va lue  of the  products. 
T h u s  the comparison of the  break-even power 
c o s t s  of two complexes is a measure of their 
re1 at  ive profit ability. 

to be  produced from e lec t ro ly t ic  hydrogen, and 
elemental  phosphorus by the electr ic  furnace 
method. 

Ef fec t  of Locat ion and Aluminum Pisduction. 
- Complete resul ts  are  given for runs R-2-3, 0-3-3, 
P-2-4, and X-3-4 in  F i g s .  5.20a-d to  show t h e  
e f fec ts  of a United S ta tes  v s  a non-United S ta tes  
locat ion and the effect on a complex of including 
v s  excluding an aluminum plant. 
plot of annual  production c o s t  as  a function of 

T h e  “value of products”  i s  computed as 

( L  

In the  following examples  ammonia i s  assumed 

E a c h  figure i s  a 

“Working capi ta l  computed a s  the value  of 60 days  
production at g ros s  manufacturing cos t .  
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1 NON-US C O M P L E X  R - 2 - 3  I / 20 
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COST OF LNH, = 1500 tons/day 
P., = 560 tons/day 
A I  = 257 tons/day 

I 
~~ 

‘ I  I 
TOTAL POWER = 1 0 2 4  Mw, 
T O r A L  C A P I T A L -  p303x1061 
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US C O M P L E X  R - 3 - 4  
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F ig .  5.20. Comparison of Annual Production C o s t s  and Income from Sales for U.S. and Non-U.5. Complexes With 
and Without an Aluminum Plant. 



power c o s t  for t h e  particular complex. ?'he total 
product va lue  i s  shown as a horizontal l ine,  and 
t h e  production c o s t s ,  at 2.5, 5, 10, and 20% c o s t  
of money, a re  taken as parameters (as a s e t  of 
four s lan ted  lines). T h e  in te rsec t ions  of the  
production c o s t  l i n e s  with t h e  product value l i n e  
ind ica te  t h e  break-even power c o s t s  (shown only 
for i - 10%). 

In order to  avoid the impression t h a t  income 
from s a l e s  and break-even power c o s t s  a re  ab- 
so lu te  values ,  dashed  horizontal l i n e s  are u s e d  
t o  ind ica te  s a l e s  va lues  10% less and 10% more 
than t h e  b a s e  value. Although not shown, the 
break-even power c o s t s  will b e  correspondingly 
shif ted.  

United S ta tes  and non-United S ta tes  condi t ions 
respect ively,  produce 1500 tons  of ammonia per 
day,  560 of phosphorus, 257 of aluminum, 500 of 
chlorine, and 565 of caus t ic ;  complexes F-3-4 
and R-2-4 produce 1630 t o n d d a y  of ammonia, 800 
of phosphorus, 355 of chlorine, and 400 of caus t ic .  
T o t a l  c a p i t a l  investments  for t h e  four cases vary 
f rom $99 to $303 million. T h e s e  complexes e a c h  
require about 1000 Mw of e lectr ical  power; thus  
the c a p a c i t i e s  and power of t h e s e  complexes are 
median v a l u e s  of all t h o s e  studied. 

F igure  5.20 shows that  capi ta l  investment, 
production cos t ,  and income from s a l e s  are a l l  
higher in  t h e  non-United S ta tes  c a s e .  It a l s o  
shows that  the break-even power c o s t ,  a measure 
of profitability, i s  a l s o  higher. T h i s  occurs  be- 
c a u s e  the differences i n  value of products  be- 
tween United S ta tes  and non-United S ta tes  loca-  
t ions are greater than the capi ta l  and production 
c o s t  differences. T h e  effect  of including v s  ex- 
cluding an alumirium plant i n  t h e  complex i s  
shoTwn by  the large differences in  the indicated 
c a p i t a l  c o s t s  and in  the larger spread of the  
production c o s t  l i n e s  at different c o s t s  of money. 
It i s  interest ing t o  note  that  there i s  l i t t l e  dif- 
ference in the profitability with or without an 
aluminum'plant i n  the United S ta tes  c a s e ,  but i n  
t h e  foreign c a s e ,  as shown by the difference i n  
break-even power c o s t s ,  adding a n  aluminum 
plant  t o  a complex i s  very profitable. 

show the  c o s t  e f fec ts ,  on  a non-lJnited S ta tes  
complex with a fixed product ratio, of varying 
total  capac i ty  and power requirements. R u n s  
R-12-6, R-2-3, and R-2-1 were chosen  to show 
t h i s  effect. Complex R-2-3 u s e s  1024 Mw of 

Industrial complexes R-3-3 and R-2-3, for 

Effect of Toto! Capacity. - Figures  5.21~1-c 

electr ic i ty  and produces 1500 tons/day of ammonia, 
560 of phosphorus, 257 of aluminum, SO0 of 
chlorine, and 565 of c a u s t i c ;  complex K-12-6 re- 
quires  half t h i s  power and produces half t h e  
quantity of products, whereas  complex R-2-1 h a s  
twice t h e  power need and production capac i ty  of 
complex R-2-3. In  order t o  bet ter  i l lus t ra te  t h e  
effect  of t h e s e  changes ,  the  manufacturing c o s t  
scales on the three drawings a re  plotted i n  a 
1:2:4 ratio for t h e  three runs on t h e  b a s i s  of in- 
c r e a s i n g  capaci ty .  T h i s  comparison shows t h e  
effect  of increased  capaci ty ,  which is i l lustrated 
b e s t  by t h e  break-even power cost (at 10% c o s t  
of money). 
break-even occws at a power cost of 6.4 m i l l s /  
kwhr. Doubling the  capaci ty  of the small c o m -  
plex i n c r e a s e s  the break-even power c o s t  to 7.1 
mills/kwhc, and doubling again, to 8 .0  mills/kwhr. 

F igure  5.22 shows the  same effect  i n  a diffetcnt 
manner for the  same three complexes jus t  de.- 
scr ibed,  but under United S ta tes  conditions. In 
t h i s  figure power c o s t s  from 1 t o  4 m i l l d k w h r  
are  plotted against  percent  internal rate of return, 
which i s  defined in Chap. 3 and Appendix 3A. 
T h e  d a t a  indicate  that for any c o s t  of power, 
doubling the  power usage  resul ts  in  a 37 to 53% 
(at 3 mills/kwhr) i n c r e a s e  i n  the  ra te  of return 
and that  for constant  power usage a reduction of 
power cost  of 1 mill/kwhr is worth about a 20 t o  
25% increase  in  the rate  of return. T h e  figure 
shows further that  in  the United S ta tes  a 500- 
M w  complexproducing t h e  products shown has a 
break-even power cos t  of 2.2 mills/kwhr if a 10% 
internal  ra te  of return is required and that  a 1000- 
Mw complex would be  rejected only if power c o s t  
i s  over 3.6 mills/kwhr. In generd., increased  
ammonia production from electrolyt ic  hydrogen 
decreased  profitability. 

ing product ratio is shown in F igs .  5.23a-c for 
a two-product complex a t  nea r  cons tan t  total 
e lectr ic  power usage.  Complexes R--2-5, -6, 
and -7, e a c h  of which produces phosphorus 
and aluminum only, are  u s e d  to demonstrate  t h i s  
effect. Only two products  were used  because  of 
the  masking effect  of a third product. 
(Fig.  5 . 2 3 ~ )  phosphorus capaci ty  is 1500 tons/  
day  and aluminum output i s  685 tons/day.  
complex R-2-6 (Fig. 5.23~1) the phosphorus capac i ty  
remains constant  while the aluminum capaci ty  i s  
reduced to  384 tons/day;  in  complex X-2-7 (Fig. 
5.236) aluminum capaci ty  is kept  constant  while  

F o r  t h e  small  (512-Mw) complex, 

Ef fec t  of Product Ratio. - The ef fec t  of chang- 

In run R-2-5 

In 
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F i g .  5.21. 
dustrial  Complex. 

E f fec t  of Capacity a t  Constant Product Rat io  on Annuol Production Costs of a Typ ica l  Non-U.S. In- 
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the  phosphorus output i s  reduced to 1150 tons/  
day. Complexes R-2-7 and R-2-6 require about 
1025 Mw of electr ic i ty;  complex R-2-5 u ~ e s  1217 
MW. 

A s  s e e n  i n  Figs .  5.23 the larger plant  has  t h e  
largest  cap i ta l  investment, production cos t ,  and 
income from s a l e s  but i s  not t h e  most profitable, 
s i n c e  i t s  break-even power c o s t  i s  only 11.6 
mills-kwhr, whereas t h e  smaller  plant  producing 
the  same amount of aluminum but l e s s  phosphorus 
h a s  a break-even power c o s t  of 12.5 mills/kwhr. 
T h e  al ternat ive smaller  plant, producing t h e  same 
amount of phosphorus but only half as much 
aluminum, i s  even l e s s  profitable, s i n c e  i t s  break- 
even  power cos t  is only 9 mi l ldkwhr .  It i s  inter- 
es t ing  t o  note that for the two smaller  plants ,  
production c o s t s ,  particularly at low c o s t s  of 
money, a re  nearly equal  but that there  i s  a large 
increase  in annual s a l e s  for the plant  producing 
the  larger amount of aluminum. 

UliNL UWG 5 8 - 2 1 4 7 R A  .,........- ~~~ ~~- - -  .~ 

3000 
PtiOSPHORUS 1.120 
A LUMI NU M 514 

1000-1130 

~~ 24 

" 
0 1 2 3 4 5 

POWER COST (mi l Is /kwhr)  

Fig. 5.22. Effect of  Complex Sine and Power Cost on 

Internal Rate of Return.  

Effect  of Conversion of Primary Products to 
Higher-Value Secondary Products. - In a l l  t h e  
previous comparisons the products  have  been t h o s e  
produced from energy-intensive processes .  Fig-  
ures 5.24n-d show the  effect on nominal 1000- 
Mw non-United S ta tes  industrial complexes of 
converting part or a l l  of t h e s e  primary products  
into higher-value secondary products, i n  t h i s  
c a s e ,  ready-to-apply sol id  fertilizers. Figure 
5.21a shows the cost  advantage of converting al l  
the  prcduced aminonia into prilled ammonium 
nitrate. Complex R-6-1 (dashed l ines)  produces 
2900 t o n s  of ammonia per day,  whereas  complex 
P-5-1 (solid l ines)  produces t h e  same amount but 
converts  it completely to  ammonium nitrate. Thus ,  
by increasing the capi ta l  investment by $13 million 
(16.5%) and the operating c o s t  by a factor of 
about 1.5 (for 1-mill/kwhr power, but l e s s  for 
higher power rates), the  va lue  of t h e  sa lab le  
product i s  tripled. T h i s  is reflected in t h e  
break-even power cos t ,  which i s  increased  from 
3.7 to  11 mills/kwhr. 

F igure  5.24b is a similar comparison, except  
tha t  par t  of the  total  power i s  devoted to t h e  
pioduction of 500 tons/day of e lemental  phosphorus; 
t h i s  reduces amnionia production to 2150 tons/day 
if total  avai lable  power is kept  a t  1000 Mw. Com- 
plex R-5-5 produces only ammonia and phosphorus; 
complex K-6-2 h a s  the same production, but two- 
thirds  of the ammonia i s  converted into ammonium 
nitrate. T h e  effect of adding the phosphorus 
production i s  shown by comparing the dashed  
l ines  i n  F ig ,  5.24b with those  of Fig.  5.24a. As 
s e e n ,  the capi ta l  investment i s  increased  by $16 
million (20%), and t h e  operating c o s t  (a t  1 mill/ 
kwhr power and 10% c o s t  of money) is doubled, 
whereas  the product value i s  increased  by 80%. 
In t h i s  case t h e  break-even power c o s t  is in- 
c r e a s e d  from 3.8 to 6.2 mills/kwhr. When two- 
thirds  of the ammonia is converted t o  ammonium 
nitrate (solid l ines) ,  the capi ta l  investment i s  
increased  by $19 million (20%) over complex 
R-5-5, and t h e  operat ing c o s t  i s  increased  by 
467'0, but the value of product is increased  by 55%. 
The  break-even power c o s t  r i s e s  from 6.2 mills 
for complex R-5-5 to 9 .5  m i l l s  for complex R-6-2.  

F igures  5 . 2 2 ~  and 5.22d show tha t  t h e  conver- 
s i o n  of ammonia to nitric acid for t h e  acidulat ion 
of phosphate  rock t o  produce nitric phosphate  i s  
qui te  profitable and that  it is somewhat more 
profitable t o  produce aluminum rather than phos- 
phorus as a third product, as shown by the in- 
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c r e a s e  in break-even power cost from 13.4 to 14.8 
mills/kwhr at 10% c o s t  of money. 

T h e s e  i l lus t ra t ions  show that  conversion of 
electrochemical  products  into secondary  products  
c a n  be  very profitable. However, i t  should be 
noted that the convers ions  used  i n  t h e s e  examples  
require very 1itt.k power arid could be  done equal ly  
well nearer  [.he consumer. Furthermore, shipping 
costs of ammonia and phosphorus to  conversion 
p lan ts  .near t h e  consumer will b e  much l e s s  than 
shipping c o s t s ,  for an equal  d i s tance ,  o f  t h e  
f inished fer t i l izers .  

Incremental Costs for Various Products. - As 
indicated ear l ier ,  a s e r i e s  of non-United S t a t e s  
runs was made to determine incremental production 
c o s t s  for ammonia, phosphorus, aluminum, and 
chlorine. In 2000 Mw non-United S t a t e s  complex 
R-4-1, the  s tandard for the fiist. mmpar ison ,  produc- 
t ion r a t e s  a r e  1900, 1500, 685, and 2000 tons/day 
of t h e  above  products  respect ively.  In complexes 
K-9-1, -2, -3 ,  and -4, each  of the above  products, 
in  t h e  same order, produces an additional 100 
tons/daiy of product (except. €or aluminum, in  
which t h e  production increment is 40 tons/day). 
T h e  power requirements for t h e s e  four complexes 
a r e  s l ight ly  increased,  but i n  no case by more  
than  5%. A second s e r i e s  of incremental  runs 

without any aluminum production w a s  also made. 
In t h i s  case, non-United S t a t e s  complex R-4-3, 
which produces 3080 tons/day of ammonia, 1500 
of phosphorus, and 2000 of chlor ine and uses  
2027 Mw of electr ic i ty ,  w a s  u s e d  as a bas i s  of 
comparison. 111 rums R-9-5, -6, and -7 the  capac i ty  
of e a c h  product, i n  the same order, w a s  increased 
by 100 tons/day. In th i s  s tudy chlor ine was as- 
s igned  a va lue  of $40.00 per ton. 

The resu l t s  of t h i s  s tudy a r e  shown in T a b l e  
5.11. The  b a s e  c o s t  is the cost, for example, of 
ammonia production, including its s h a r e  of off- 
s i t e  c o s t s ,  divided by the annual  tonnage of a m -  
monia. T h e  incremental rnanufac:f.uting c o s t  is the 
difference between t h e  b a s e  and incremental produc- 
t ion costs divided by the capaci ty  increment. Actual 
s a v i n g s  as dol lars  per ton of product and as a 
percentage  a re  given i n  the l a s t  two columns. T h e  
main inference which can  b e  made from Table  5.11 
is that for any e x i s t i n g  industr ia l  complex, ex- 
pans ions  i n  aluminum or caust ic-chlor ine produc- 
tion wil l  b e  more profitable than for ammonia or 
phos  pho ms. 

Comparison of Dispersed Industry wi th  a Large 
complex.  - In a developing country, cap i ta l  i s  
usually i n  short supply,  and the concentrat ion of 
a la rge  capi ta l  investment in  a s i n g l e  area is 

Toble 5.1 1. Incremental Manufacturing Costs  for Several Products 

Power c o s t ,  2 niills/kwhr; i = 10%; foreign conditions;  phosphate rock $19.00 per ton, 
bauxi te  ::: $ 5 . 5 0  per ton, s a l t  :~ $3.00  per ton 

Actua l  Savings Incremental 
Base  Production Increment Base Manufacturing 
R a t e  ( tons /day)  (tons 'day) Cos t  (dollars/ton) Dollars / ton Percentage  

Product Manufacturing - 
c o s t  

(dollars /ton) 

With Aluminum 

NH.3 1900 1 0 0  29.55 27.74 

1500  100 11 4. O l a  1 11.7Sa p4 

A1 685 40 464.52 3 74.81 

Cl,-NaOH 2 000-22 6 0 100-113 31.2Gh 24.77b 

Without Aluminum 

3080 100 29.80 27.92 NH3 

c; 1 2000-2260 100-1 13 31.83b 26.49b 

p4 1500 100 114.26R 112.6@ 

1.81 6.1 

2.24" 2.0 

89.71 19 .3  

6.496 20.0 

1.88 6 .3  

1.60a 1.1 

5.34b 16.8 

"Calculated per ton of contained P,O,. 
bPe r  co-ton C12-NaOH based  on C1, output. 
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usual ly  discouraged.  T h e s e  count r ies  would 
generally prefer to  build a number of small  p lan ts  
d i spersed  throughout the country. In oider to  com- 
pare  s u c h  a course  of act ion with production of 
t h e  s a m e  quantity of products  at a n  industr ia l  
complex, a s p e c i a l  study w a s  made. T h e  severa l  
small plants ,  located throughoui the using a e a ,  
would b e  expected to benefi t  f r o m  lower trans- 
portation c o s t s  to del iver  the i r  products  t o  market. 
However, each sinall plant h a s  a s s o c i a t e d  with i t  
var ious off-site or support fac i l i t i es ,  and the i r  
small size requires  that investment per ton of 
product b e  increased.  T h e  c o s t  of industrial 
power avai lable  from the  usual  (small)  s o u r c e s  
wnu.ld he  much higher than could b e  obtained 
from a la rge  power reactor assoc ia ted  with an 
industr ia l  complex. Large  size and t h e  shar ing 
of off-s i te  faci l i t ies ,  resulting in reduction of 
capi ta l  investment per ton of product and t h e  
economics resulting from low-cost power, tend to  
offset  t h e  d isadvantages  of remoteness  t o  markets. 
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To put the c o n p a i s o n  of a large complex with 
a d ispersed  industry on  a more concre te  b a s i s ,  
t h e  capi ta l  investment and operating c o s t s  as a 
function of power c o s t  were obtained for non-United 
S ta tes  complex R-'7-7, cons is t ing  of a 3000-ton/ 
day  ammonia plant ,  a 1500-ton/day eleinental 
phosphorus plant, a 685-ton/day aluminum plant  
(including fabricat ion into p la te  and wire), and a 
2000-ton/day chlor ine-caust ic  plant. They were 
compared with a d i spersed  industry with t h e  same 
to ta l  product output but cons is i ing  of p lan ts  one- 
fifth the  s i z e  of those  l i s ted  above (non-United 
S t a t e s  complexes R-7-2, R-SP-4, R-7-5, and R-7-6 
respect  i v el y ). 

To penal ize  the  complex for i t s  d i s tance  from 
t h e  transportation c o s t s  for shipping 
half  the  product by rail and half by sea or al l  t h e  
products  by s e a  were added to t h e  operat ing 
c o s t s  as shown i n  F ig .  5.25. No transportation 

___...__ 

23Chapter 7 a l so  discusses  th i s  general problem. 
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Fig .  5.25. Smal l -Scale  vs  Large-Scale Production. 
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costs were assumed for the d ispersed  industry 
s i n c e  it is assumed t o  b e  near the market. It 
w a s  assumed that power for the complex c a n  b e  
obtained from a nuclear  reactor for 4 r n i l l s / l c ~ h r , ’ ~  
which is a reasonable  assumption for t h i s  plant  i n  
a foreign location, and 6 niills was  taken  as an 
average industr ia l  power ral.e for t h e  d ispersed  
industry; th i s  is probably conservat ive.  Under 
t h e s e  condi t ions and assuming 50% of the products  
shipped 300 miles  by rai l  and 50% shipped  1000 
m i l e s  by s e a ,  the operat ing c o s t s  of the  complex 
are over $100 million l e s s  than t h o s e  of the dis -  
persed  industry for a cost o i  money of lo%, and 
t h e  investment i n  the la rge  industr ia l  complex i s  
$320 million less than the to ta l  investment  in t h e  
smal le r  d i spersed  industr ies .  T h i s  appears  to 
b e  a very a t t rac t ive  advantage for t h i s  complex, 
e v e n  though i t  is a highly concentrated invest-  
ment. 

Proper  evaluat ion of the  benef i t s  of a large 
complex compared with a m o r e  d i spersed  industr ia l i -  
zat ion for any given locale would require determi- 

nat ion of many spec i f ic  factors .  Examples  of 
t h e s e  are: 

1. a market survey for the  type  and amount of 
products  w l c h  the market could be expected 
to absorb,  

2. thc  l ikely locations for the complex and the  
smaller d ispersed  pldnts, 

3. t h e  modes and costs for transporting raw mZl- 
t e r ia l s  to t h e  production nni ts  as well a s  t h e  
c o s t s  of transporting the tinat ptoducts  to  the  
actual  markets, 

4. manpower supply, pr~vailing: labor  r a t e s ,  and 
other  pertinent loca l  factors .  

Hence  t h e  example d i s c u s s e d  here  merely g ives  
an approximate i d e a  of the s a v i n g s  which might 
resul t  f r o m  la rge-sca le  production. 

This example a l loca t e s  a cost t o  power, i n  con-  2 4  

trast to previous examples w h e r e  n o  allocating w a s  
gertormed. 



6. AGRICULTURE 

6.1 Introduction 

T h e  b a s i c  object ives  of the agricultural sec t ion  of 
th i s  s tudy were to: 

obtain d a t a  on the  potential y ie lds  and water re- 
quirements of a number of representat ive crops 
su i tab le  for intensive irrigation agriculture in a 
c o a s t a l  deser t  environment, 

develop al ternat ive cropping p lans  for an agri- 
cul tural  complex based on the  above information, 

eva lua te  tire agronomic and economic feasibi l i ty  
of t h e  above p lans  at varying l e v e l s  of water 
c o s t  and availability. 

T h e  procedure followed w a s  to  make and then 
eva lua te  p lans  for a generalized l o c a l e  whose char- 
a c t e r i s t i c s  would represent a rea l i s t ic  and consist- 
ent  s e t  of parameters charac te r i s t ic  of a c o a s t a l  
deser t ,  based on five spec i f ic  s i t e s  examined. T h i s  
approach had the advantage over the  al ternat ive,  a 
more de ta i led  study of a spec i f ic  s i t e ,  that  i t  could 
be  inore effectively used to  cons ider  many different 
s i tua t ions  without being restr ic ted by purely local 
features ,  

T h u s  the resul ts  obtained do not h a v e  spec i f ic  ap- 
pl icat ion to any s ingle  country or location. Condi- 
t ions  vary s o  widely from one loca l i ty  to  another that 
de ta i led  s t u d i e s  will be  needed a t  e a c h  s i t e  to de- 
velop the local ly  optimum production sys tem and t o  
compare th i s  concept of food and/or water production 
with al ternat ive methods. 

T h e  s tudy w a s  concerned with developing the  con- 
c e p t ,  se lec t ing  alternative layouts  and production 
sys tems,  and tes t ing  the agronomic and economic 
feasibi l i ty  of the  concept. Data  were compiled to 
show how varying c o s t s  for irrigation water  affected 
t h e  c o s t  of the  food produced, and the  economic re- 
turns from a large farm complex were compared as- 
suming different yield and water  requirement leve ls .  
Selected d a t a  are  presented t o  a s s i s t  in adapt ing the  
generalized concept to f i t  particular c l imat ic  and 
economic condi t ions and to show the s ignif icance of 
some of the  major assumptions underlying the anal- 
y s i s .  

veloped for t h i s  study are as follows: 
T h e  general assumptions, or ground i u l e s ,  de- 

1. T h e  technology of agriculture refers to  a d a t e  
in the early 1980's. T h i s  d o e s  not imply the  intro- 

duction of any new techniques or  c o n c e p t s  not  i n  
u s e  today; i t  merely assumes  that  by t h i s  d a t e  they 
will represent  general pract ice  ins tead  of being con- 
fined i o  the  more efficient farms a s  today. Con- 
tinued progress  in increasing the  eff ic iency of water 
use, i n  increasing crop y ie lds ,  and i n  developing 
crop var ie t ies  special ly  adapted to  the spec i f ic  lo- 
ca t ions  should allow better resu l t s  to  be obtained 
than h a v e  been assumed here. 

2. Sys tems of production, marketing, and distri- 
bution would be highly rationalized and efficient. 

3. Although no spec i f ic  forin of organizat ion and 
management was assumed, i t  must b e  very efficient. 
It could be  a series of private firms or a large s ingle  
organization. Tn some locat ions i t  might be more ad- 
vantageous to  s ta r t  with a s ing le  firm or orgaiiization 
and change to smaller uni ts  as  exper t i se  develops 
among potent ia l  managers or owners. 

4. Emphas is  would be piimarily on general food 
production, includirig a variety of s u c h  piod11cts as 
grain, vegetables ,  oil crops,  and fruit crops.  Al- 
though a spec ia l ized  r n o n o c u l t ~ m  might b e  economi- 
ca l ly  the iiiost desirable  production sys tem a t  some 
locat ions,  a general approach w a s  adopted here  be- 
cause of the need to increase  food production. 

5. T h e  study was not to  include de ta i led  social 
and pol i t ical  analyses .  Such fac tors  a r e  vital and 
important, but they have  reference to  s p e c i f i c  
count r ies  or s i t e s .  The  scope  of t h i s  s tudy w a s  
limited to technical  and economic feas ib i l i ty ,  with 
the  understanding that the other s t u d i e s  could be 
made la ter .  Some soc ia l  and pol i t ical  factors  were 
considered as general concepts  when time permitted. 

Similarly, solut ions to  problems of marketing 
and distribution were not considered in  depth,  but 
should be  s tudied for spec i f ic  locat ions.  

Before proceeding to de ta i l s  of the agricultural 
building blocks and complexes,  i t  should  b e  e m -  
phasized that  the  u s e  of desal ted water  i s  not a 
s imple solut ion to the c o q l e x  world food problem. 
T h e  many f a c e t s  of th i s  vital world concern cannot  
be  so lved  by any s ingle  concept  or technique. Solu- 
t i o n s  wil l  require a wide variety of measures ,  in- 
c luding changes  in  national po l ic ies ,  general eco- 
nomic development, large capi ta l  expendi tures  i n  
agriculture, higher leve ls  of educat ion and training, 
and the  application of many forms of technology, 
organization, and managerial arrangements .  

6. 
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Water, however, is severely restr ic t ing production 
in some par t s  of the  world,' and  in  many locat ions 
t h e  c o s t  O E  making i t  avai lable  is s teadi ly  r i s ing  
with time. U s e  of desal ted water  for agriculture wil l  
become feas ib le  a s  water c o s t s  cont inue to rise, as 
development lowers  the cost of t h i s  a l te rna t ive ,  and 
as  agricultural technology al lowing more eff ic ient  
use of water  develops.  It i s  re levant  at t h i s  stage 
to point out  that  the following s e c t i o n  is equally ap- 
p l icable  to d e s e r t  agriculture b a s e d  011 high-quality 
water obtained from Conventional but d i s tan t  sur face  
or subsur face  sources .  

6.2 The Agricultural Bui lding Blocks 

6.2.1 Crops Considered for Use in  the Agricultural 
Complex 

T e n  crops  were s e l e c t e d  in  t h i s  s tudy for purposes  
of a n a l y s i s  and comparison from a wide var ie ty  of 
crop t y p e s ,  including grains ,  legumes,  oil and fiber 
crops,  and vegetables  and fruit. T h e  c rops  include 
some of the most important and widely grown food 
s p e c i e s  and include a useful  range of a l te rna t ives  
for eff ic iency in water u s e ,  sens i t iv i ty  to water  
c o s t ,  and production of b a s i c  or high-quality diets .  
T h e  number of c rops  considered w a s  somewhat  re- 
s t r ic ted  by the time and avai labi l i ty  of the  nec- 
e s s a r y  information, and undoubtedly a number of ad- 
di t ional  c rops  could be included with equal  logic. 

With the  except ion of  the cot ton crop,  all t h e  ten  
c rops  l i s ted  by type below a r e  grown primarily for 
human food. Cotton w a s  included b e c a u s e  i t s  fiber 
is a va luable  raw material in  many underdeveloped 
count r ies  and the o i l  from cot tonseed  is a useful  
food product. It is a crop which lends  i t se l f  to  
eCficient irrigation. 

Crop T y p e  Crops S e l e c t e d  

Grain 
Vegetab les  
Oil  crops 
Fruit crops 

Fiber crops 
P u l s e s  

Wheat, sorghum 
Tomatoes, potatoes 
Safflower, soybeans  
C i t r u s  
Cotton 
P e a n u t s ,  dry brans 

'K. K e v e l l e  et af., "Water and Land," p. 434 in The 
W x l d  Food Problem, vol. 11, The White House,  Washington, 
1967. 

Many relatively s imilar  c rops  might h a v e  been 
added t o  the  l is t .  For example, maize  h a s  production 
and ut i l izat ion characterist.ics s imilar  to grain sor- 
ghum; and some other vege tab les  use similar  re- 
s o u r c e s  and have  about t h e  s a m e  s e a s o n  as  toma- 
toes. 
s a l i e n t  feature of the  farm primarily d u e  t o  t i m e  
l imitat jons of t h i s  study. Nevertheless ,  the  large 
amount of agricultural by-products unsui table  for 
human consumption which will be ava i lab le  should 
al low the development of animal production a s  a 
relatively large secondary feature. 

Crops  to  'ne considered a t  any s p e c i f i c  s i t e  will 
vary according to spec i f ic  condi t ions i n  different 
countr ies  and loca les ,  and the  s e l e c t i o n  will a l s o  
depend upon local demand and t ransportat ion facili- 
t i e s ,  proximity to  markets, c l imate ,  and c o s t  of 
water. 

Livestock agriculture was  not included as a 

6.2.2 Water Requirements of Crops 

T h e  c o s t s  of water and irrigation equipment form a 
relat ively large part of the  operat ing and capi ta l  
c o s t s  of the  food factory. Hence t h e  c rop  water  re- 
quirements and irrigation sys tem layout  a r e  c r i t i ca l  
features  i n  the  economic eval  uaticm o f  the  agricul- 
tural project. 

D a t a  a r e  required on t h e  totaI annual  water  te- 
quirement of the  various c rops  cons idered ,  and their 
s e a s o n a l  variation for t h e s e  la t te r  factors  wil l  de- 
termine the need for water  s torage  ins ta l la t ions .  
D e t a i l s  of the irrigation schedule  w i t h i n  t h e  cropping 
s e a s o n  are also important b e c a u s e  they,  to a la rge  
extent ,  determine the  water s t o r a g e  capac i ty  as well 
as the  amount of irrigation equipment and labor  
needed. 

T h e  amount of water los t  t o  ibe atmosphere by a 
crop from s e e d i n g  to harvest  is commonly referred to 
as i t s  consumptive use .  Consumptive u s e  inc ludes  
transpiration from within the  l e a v e s  and evaporation 
f rom the soil arid wetted foliage. T h i s  combined 
loss is also often referred to a s  evapotranspiration. 

Consumptive use  d o e s  not include d e e p  percolation 
of water  below the crop's rooting zone  or evaporation 
losses which occur before the  irrigation water  
reaches  the  crop. T h e s e  two l o s s e s  a re  included i n  
the irrigation efficiency term, and,  together with any 
c h a n g e s  in  so i l  moisture s torage  and consumptive 
u s e ,  t h e s e  three i tems cons t i tu te  t h e  total  water re- 
quirements of the crop. 

envisaged ,  not operating during the  hours  of maximuni 
With an eff ic ient  irrigation s y s t e m  of t h e  type 
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evaporation loss,  deep  percolation forms the  predomi- 
nant  part of the irrigation eff ic iency term.' An  ef- 
fect ive subsurface drainage system would permit the 
recovery and reuse of most of th i s  percolated water, 
conservat ively estimated a t  10% of the  total amount 
applied. 

Consumptive use  c a n  be considered a s  governed 
by three factors. In order of importance t h e s e  a re  
(1) the  climatologically determined evaporat ive de- 
mand, sometimes referred to a s  the  potential evnprr 
transpiration rate, (2) the amount of ava i lab le  so i l  
water, which in an arid zone  depends  on the  irriga- 
tion schedule ,  and (3 )  the  crop and i t s  particular 
growth s tage .  

T h e  relationship of these  factors  is complex, 
dynamic, and not fully understood, so that  it  is im- 
poss ib le  to calculate  consumptive use  theoretically. 
In prac t ice  i t  is necessary  to  determine consumptive 
u s e  experimentally under field condi t ions.  Such d a t a  
are often empirically or semiempirically related to 
climatological measurements, so that  the  relation- 
sh ips  found can  be used to es t imate  consumptive u s e  
in other a reas  where only cl imatological  measure- 
ments  are available. 

Ideal ly ,  measured values  of consumptive u s e  and 
crop yield obtained under a wide range of irrigation 
treatments are needed for e a c h  crop and locale  ex- 
amined in this  s tudy .  Such a col lect ion of data  
would allow an economic a n a l y s i s  to  be  made so 
that the  optimum economic irrigation treatment3 to 
be applied in each case could have  been calculated.  
Unfortunately, th i s  type of information, where y ie lds  
are  related to  water u s e  i n  production functions, i s  
only ava i lab le  for very few crops,  even  i n  a reas  
with developed irrigation farming, It is not  known 
to what extent  the relat ionships  found there are ap- 
pl icable  to other  regions. 

In the  absence  of  experimental d a t a  on the  eco- 
nomic or even agronomically optimum irrigation 
t ieatment ,  m o s t  climatological methods of es t imat ing 
consumptive use  have  been based  on measurements 
made under nonliiniting s o i l  moisture condi t ions,  
that is, under condi t ions of potent ia l  evapotranspira  
tion. Other climatological methods a r e  based on 
correlat ions with measurements of consumptive use  

One further factor should be  considered as  being 
espec ia l ly  relevant to irrigation i n  deser t  loca les .  
One effect  of implementing an  irrigation scheme on  
the s c a l e  envisaged i n  a deser t  region will be  to  
modify the  microclimate of the a r e a ,  increas ing  the 
humidity of the a i r  and decreas ing  i t s  temperature 
and rate  of movement. T h e s e  c h a n g e s  wil l  reduce 
the potent ia l  evapotranspiration rate and so reduce 
the  water  requirements below those  ca lcu la ted  on 
the b a s i s  of the exis t ing cl imat ic  d a t a  measured i n  
the unmodified deser t  region. 

*J. E. Chris t iansen and J .  K. Davis ,  "Sprinkler Irriga- 
tion Systems," pp. 885-904 i n  I r r iga f ion  of Agricul tural  
L a n d s ,  ed. by R. M. IIagan, H. R. Ha i se ,  and T. W. 
Edminister,  Am. Soc. Agron., Madison, 1367. 

turns based  on current costs of water  application, crop 
yield returns,  and the relat ionship betw-een these  factors.  

3.. I h i s  is defined a s  that  which gives  the maximum re- 

made in farmers' f ie lds  receiving commercial irriga- 
tion pract ice .  It must be  borne in  mind that  such  
pract ice  may be far removed from the  experimentally 
determined optimum treatment. 

In addition to t h e s e  limitations i n  the  currently 
ava i lab le  da ta  and methods of computing consump- 
t ive u s e  of water by crops,  there  a r e  other  sources  
of error. Control methods of es t imat ing  crop water 
l o s s  from measured changes i n  s o i l  water  content  
are s u c h  that  an accuracy of 10% in consumptive 
u s e  measurements for the  period between two 
s u c c e s s i v e  irrigations must be  considered very 
s a t i ~ f a c t o r y . ~  In many c a s e s  the  cl imatological  
d a t a  needed for correlation with consumptive u s e  
measurements a re  themselves  s u b j e c t  to consider-  
able  error, being calculated from other  more eas i ly  
or noriiially measured cl imatological  parameters. 
T h i s  is particularly the case with the  potent ia l ly  
accura te  methods based on the  radiation ba lance ,  
which i s  i tself  rarelv measured direct lv .  

The s i z e  of this  rnicrocliniate feedback effect  de- 
pends on a number of factors ,  including the  s t rength 
and constancy of the prevailing wind force and i t s  
direct ion with respect  to the  or ientat ion of the  irri- 
gated area. An approximate es t imate  a t  one  l o c a l e  
s u g g e s t s  that  the s i z e  of the  reduction will b e  be- 
tween 5 and 15% of the total  water  requirement. 
higher figure appl ies  to the case of a farm layout  i n  
the  form of a long narrow s t r ip  of irrigated land ori- 
ented parallel to the direction of the prevailing wind. 

In the detailed c o s t  es t imates  for t h e  agricultural 
study the  consumptive use  was ca lcu la ted  by M. E. 
J e n s e n 6  o n  the b a s i s  of suppl ied cl imatological  d a t a  

The 

4 ~ .  R. 'Tanner, "Measiiremcnt of Evapotranspiration," 

51). A. De Vries,  J. Meteorof. 16, 256 (1959). 
%esearch Agricultural Engineer,  Snakc River Conser- 

ibid. ,  p. 536. 

vation Research Center,  U.S.D.A., Kimberly, Idaho. 
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us ing  h i s  semiempirical energy ba lance  equation. r R  

In t h i s  method, potential evapotranspirat ion is 
ca lcu la ted  from the  la ten t  h e a t  equivalenl  of the 
total solar radiation and mean a i r  temperature. Con- 
sumptive u s e  for each crop is ca lcu la ted  as a func- 
tion of the  s t a g e  of crop maturity and potent ia l  
evapotranspiration. E a c h  crop h a s  i t s  character- 
i s t i c  ra t io  - ac tua l  to potential evapotranspirat ion - 
curve from the  t i m e  of sowing till harves t .  Assuming 
that  for e a c h  crop this curve is the same for differ- 
en t  locales, it c a n  be used  to compute consumptive 
u s e  from local measuremenis of s o l a r  radiation and 
mean a i r  temperature. Since s o l a r  radiat ion meas- 
urements were  not avai lable  for any  of the  l o c a l e s  
examined i n  t h i s  studjj, they were es t imated  from 
cloud cover  observat ions.  ‘ 

Values  of consumptive u s e  were ca lcu la ted  i n  
t h i s  way for ten different crops i n  the  Sinai-Negev 
locale using the  long-term average va lues  measured 
a t  the  El-Arish climatological s ta t ion ,  ’The calcu-  
la ted  va lues  shown graphically i n  Fig. 6.1 also in- 
ind ica te  the approximate growing s e a s o n  for the 

7M. E. .Jensen and W. R.  Haise ,  Proc. Am. SOC. Civ i l  

‘M. E. J e n s e n ,  “Enipiricn[ Methods of Est imating or 

Engrs., J .  Irrigation Drainage U i v ,  89, 1 5  (1963). 

Predic tin& Eva  potrans p i m  Lion U s  in& Radiation ,” pp. 
49-63 in Proceedings of A m ,  Soc.  Agr .  End. Corif. on 
Evapotranspiration and I t s  Role i n  Wafer  Resources  
Management, Proc., Chicago,  I l l . ,  December 5--6, 1966 

’M. I. Budyko, The Heat  Balunce o f  the Earth’s Sur face ,  
pp. 28-33 ( t rans la ted  by Nina A. Stepanova), U.S. Dept. of 
Commerce, Washington, D.C., 19.58. 
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F i g .  6.1. Evopotronspiration of the Sinai-Negev (-) and Kutch ( - - - - - - )  Loca les .  
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se lec ted  crops,  The  values  for c i t rus  a re  based on  
mature, producing plantatjons. It c a n  be  s e e n  that  
wheat ,  potatoes ,  and tomatoes have  a late-summer- 
early-spring growing s e a s o n ,  while  a l l  the  other 
crops,  with the exception of saff lower and ci t rus ,  
have  a spring-summer growing s e a s o n  coinciding 
with the  climatologically determined s e a s o n  of 
maximum water requirements. 

T h e  calculated values  of consumptive u s e  w e r e  
adjusted to  allow for a 20% water  l o s s  by deep  per- 
colat ion and sprinkler l o s s e s ,  that  is, an irrigation 
efficiency of 80%. No al lowance w a s  made in  the  
computat ions of total crop water  requirements for 
poss ib le  reuse  of deep percolation l o s s e s  recovered 
by the  drainage system or for the probable reduction 
in the  est imated Consumptive u s e  c a u s e d  by micro- 
c l imate  modification. Neither w a s  any al lowance 
made for the winter rainfall,  which averages  3.8 
in . /year  a t  th i s  s i te .  T h e s e  three factors  together 
could wel l  reduce the est imated total  water  require- 
ment by 20%. T h e  considerable  uncertainty in  the 
b a s i c  calculat ions of total  water  requirements h a s  
already been pointed out. 

The  calculated values  of crop water  requirement a t  
t h i s  loca le  were then compared with ac tua l  measured 
va lues  of consumptive u s e  of four c rops  growing i n  
two se t t lements  in  the western Negev region of 
I s rae l ,  the  northeastern sec t ion  of t h i s  locale. T h e  
measured water l o s s e s  were ca lcu la ted  f r o m  inten- 
s i v e  soil water-content measurements  made by the 
neutron sca t te r ing  method in coinmercially managed 
f ie lds  eff ic ient ly  irrigated according to  the recom- 
inendations of the loca l  extension serv ice .  These 
measurements a re  for 7- to  20-day periods between 
i i r igat ions and were made during three consecut ive  
years . '  O 

In general, the resul ts  (F ig .  6.2) show a sa t i s -  
factory agieement when the  different time scales of 
the es t imates  and the measurements a r e  borne in  
mind a long  with the fact that  t h e  e s t i m a t e s  were 
based  on climatological da ta  from a c o a s t a l  s ta t ion 
some 80 miles  from the i i i igated f ie lds .  

T h e  total  water requirements for the ten  crops a t  
the  Sinai-Negev locale  a re  given in T a b l e  6.1 for 
each  month as  well as for the s e a s o n .  
f igures  were used in the economic a n a l y s i s  of the  

T h e s e  

~ .... ~ ~. . .- 

I OD. Goldberg and E. Gornat, Fu r the r  S tud ie s  on the  
Blnney  a n d  Criddle  Formula, F i n a l  Resea rch ,  Rehovot,  
Project  No.  A1 0-SWC-11, Rehovot ,  I s r a e l  (November 
1967). 
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F i y  . 6.2 .  Re lotions h ip  Between Evapotrons  pi ra t i  on 

Computed from Cl imatological  Data  ond Measured Val-  
u e s  at T w o  Sites in  Southwest I s r a e l .  

c o s t  of the  various farm s y s t e m s  examined i n  the  
la te r  part of th i s  sect ion.  

Product ion functions relating yield to water  appli- 
ca t ion  were used  to  ca lcu la te  the optimum economic 
irrigation treatment a t  l eve ls  of y ie ld  and water re- 
quirement below the maximum. T h e s e  funct ions were 
based on the  analyzed resu l t s  of water  requirement 
experiments  carried out in the  region. l 1  

'l'he quest ion now a r i s e s  as to  the differences i n  
crop water requireinents that  c a n  b e  expected a t  the 
other  loca les  for which no experimental d a t a  a r e  
ava i lab le  to compare with the  cl imatological  es t i -  
mates .  Further  de ta i l s  are  given in  Appendix 6A. 

"D. Yaron, i-he Demand for Water b y  Israel  Agricul ture,  
Facul ty  of Agriculture, Hebrew Univers i ty ,  1959. 





Some rather indirect information on th i s  point c a n  
be found by a comparison with data  of crop water re- 
quirements  obtained from the  main irrigation d is t r ic t s  
of the  United States .  T h e s e  show a very 
wide range of figures for the same crop. In general ,  
the  water  requirement values  adopted for t h e  Sinai- 
Negev locale in the economic a n a l y s i s  fall between 
the  low and medium ranges of United S t a t e s  values .  

were also made by Dr. Jensen  for t h e  Indian loca le  
us ing  the  energy balance method previously de- 
sc r ibed  with long-term averages  measured a t  the  cli- 
matological s ta t ion at Dwarka, Gujarat. ‘The va lues  
for the  individual  crops are shown in Fig. 6.1, and 
to ta l s  for each  crop are  l i s t e d  i n  T a b l e  6.1.  A s  in  
the Sinai-Negev locale ,  a n  80% irrigation eff ic iency 
h a s  been assumed;  no al lowance h a s  been made for 
the midsummer monsoon rains ,  although they average 
13.9 in./year. T h i s  is more than the potent ia l  
evapotranspiration for the  mid-June t o  mid-August 
period in which they fall.  

It c a n  be s e e n  from Table  6.1 tha t  the  total  
s e a s o n a l  water requirements es t imated for most of 
the  ten crops in  the Indian l o c a l e  a r e  l e s s  than 
those  i n  the  Sinai-Negev locale .  ‘The mean total  

Climatological es t imates  of crop water  requirement 

water requirements for all ten c rops  a r e ,  however, 
a lmost  ident ical  for the two locales, 29.9 in. a t  
Dwarka and 29.2 in. a t  El-Arish. 

T a b l e  6.1 and Fig .  6.1 show cons iderable  differ- 
e n c e s  in the seasonal  variation of the  est imated 
ctop water requirements a t  the two l o c a l e s  as well 
a s  in  the  total seasonal  values .  It w a s  assumed i n  
t h e s e  calculat ions that the s a m e  sowing  and harves t  
d a t e s  known to be appropriate for irrigated c rops  i n  
the  S ina i -Negw loca le  would a l s o  prove s u i t a b l e  for 
the  Kutch region. In the c a s e  of the  wheat crop, the 
sowing  and harvest  d a t e s  of which were precisely 
known ai  the Indian loca le ,  t h i s  assumption w a s  not 
fully just i f ied.  When the  water  requirement a t  Kutch 
was recalculated using the loca l  cropping schedule ,  
the value est imated w a s  25.6 in. i n s t e a d  of t h e  34.4 
in .  shown in Table  6.1. T h i s  example emphas izes  
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1962) .  (1 948).  

12L. J. Erie ,  0. F. French,  and K. Harr is ,  Consuniptive 
Use of Water by  Crops in Arizona, Tcchn ica l  Bulletin 169, 
A.E.S. Univ. of Arizona, Tucson ,  September 1965. 

3 S .  A. Taylor,  “Est imat ing Future  Water Requirements 
of Crops,” in Water Requirements of Crops,  Special  Publ i -  
cation SP-SW-0162, Atner. Soc. Ag. Engrs. ,  St. Joseph,  
Michigan (January 1962) .  

1 4 M .  F. Blaney, Determining Consumptive Use a n d  
Irrigation Water Requirements,  Techn ica l  Bulletin No.  
1275, Agricultural  Research Service,  U.S.D.A. (December 

both the  importance of the cropping schedule  in  the  
determination of crop water requirement and t h e  
pauci ty  of siich d a t a  for most  of the  loca les  con- 
s idered.  

Supporting evidence for the  e s t i m a t e s  of crop 
water  requirements is provided by a n  independent 
es t imate  of potential evapotranspiration a t  the  
Indian and Sinai-Negev loca les .  Peninan’s com- 
bined h e a t  budget and aerodynamic equat ion’  
yielded monthly es t imates  of potent ia l  evapot tanspi-  
ration that  agieed within 10% with the va lues  e s t i -  
mated by the climatological method used  i n  this  
s tudy.  

6.2.3 Yie ld  Potentials of Crops 

Crop y ie lds  vary widely, even when grown under 
re la t ively controlled conditions. Much of th i s  vari- 
a t ion c a n  be attributed to differences in  c l imate ,  
so i l ,  and management. However, t h e  e f fec ts  of 
t h e s e  fac tors  and their interact ions are s o  complex 
and l i t t l e  understood that  i t  i s  not y e t  poss ib le  to  
descr ibe  them quantitatively. It i s  not, therefore, 
poss ib le  to ca lcu la te  crop y ie lds  for any given s e t  
of growing conditions. 

economic evaluation of the various cropping 
schemes .  T h e  yields  required were mean va lues  
which would be at ta inable  in the  early 1980’s  after 
an ini t ia l  period of farm development. 

In t h e  a b s e n c e  of any rel iable  theoret ical  ot even  
empirical method of calculat ing crop y i e l d s  for a 
given loca le ,  two methods of es t imat ion could be  
used.  F i r s t ,  the  yield l e v e l s  to  be expected by the 
1980’s could be extrapolated from p a s t  records, as-  
suming a continuation of t h e  present  ra tes  of in- 
c rease .  Second, the  judgment of crop s p e c i a l i s t s  
engaged in  research and development could he uti- 
l ized.  In this  study the la t ter  method was used,  
and, for e a c h  crop, experts  froin the  U.S. Department 
of Agriculture and from the agricul tural  co l leges  and 
experimental s ta t ions  were asked  t o  es t imate  the  
mean yields  that a t e  now being obtained on  a regular 
b a s i s  by the “ h e s t ”  (Le. ,  top  20%) farmers in  t h e  
different cen ters  of production s p e c i a l i z i n g  i n  the  
various crops. 

T h e  est imated yields  are considerably below 
present-day records but considerably a b o v e  present- 

Yield data  were required in  t h i s  s tudy for t h e  

’’11. L. Prnnran, Roy.  s o c .  London, Ser.  A 193, 120-146 



day averages for irrigated farms in  one  arid region 
of wes tern  United Sta tes .  

The  spec tacular  yield i n c r e a s e s  obtained i n  this 
region during the l a s t  20 y e a r s  stipport the assutnp- 
tion that  the estimated yield l e v e l s  adopted here  
will b e  comrnunplace by the  d a t e  sugges ted .  Indeed, 
extrapolat ion of t h e  average yie1d:tinie relaf.ionship 
occurring during the iast 20 y e a r s  fur  a i iumber  of 
important irrigated crops grown in Arizona g ives  
average y i e l d s  that  are s * m i l o r  to, arid i n  a number 
of cases even higher than, those  adopted. These 
la t ter  va lues ,  l i s ted  in T a b l e  6.2, a r e  the  valiies 
used i n  the  economic ana lys i s .  

In view of the impartance of t h e  y ie ld  leve l  in  the 
economic evaluatican of the  agricu! tural complex, 
some of the  poss ib le  s o u r c e s  of overest imat icn w i l l  
be outlined. 

F i r s t ,  i t  has been assumed that all  the  c rops  will 
give high yields  when grown t.ogether af a single 
locale, alihuugh the es t imates  were made  for the dif- 
ferent  cen ters  of production which a r e  u s d l y  espe- 
c i a l ly  favorable  for the specific crop grown there. 

Second,  the high y ie lds  were asssmed to be  at- 
t a inable  over the very large a r e a s  envisaged  
although, at present ,  they have only been obtained 
on rather limited a r e a s  where condi t ions  approach 
the idea l .  

TlLird, a i d  perhaps most important, the effects  of 
the oci-airrerice of uriusclal arrd unfavorable climatic 
cotiditions such  as hi$ w i n d s ,  heavy  rains ,  and 
extreme spells of heat or c:old have  been ignored. 
Such iiri occurrence,  which may reduce yields or in- 
terrupt esst:ntiaI fa rmir ig  operations, eve11 oiicc every 
ten years ,  ccsuld substantially reduce the  average 
return,  Abnormally heavy pest and d i  
tiori could have s imilar  e f fec ts .  

Similarly, t h e  s m a l l e r  "0u.t s t i l l  important year-to- 
 ye^ variations in crop yield and water  requirements, 
which occ i~ r  e v e n  under the alniost c o n t r o h d  con&- 
t iom of irrigated deser t  agriculture, have  not been 
considered.  

Fourth,  doihle ctopping has been incorporated as 
a routine feature. This implies u high efficiency i n  
f a r m  operat ions,  complete Control of pe!;ts and d i s -  
e a s e s ,  and the availability ol high-yielding short- 
season varieties for each crcp and  locale .  T h i s  
type of agricul ture  is at present  not  wide ly  piact iced 
with the  crops considered but seems a l ikely near- 
term future development i n  large-scale  d e s e r t  agri- 
culture. 

Although the above points  might s u g g e s t  that  the 
yield l e v e l s  used are optimis!ic, i t  should  be re- 

emphasized tha t  they a re  jn f ac t  being ieglilarly 
achieved now by the better farmers. Moreover, i t  is 

Table 6.2. Crop Yields 

C r u p  
Yield (cwt/acre)  

E s t i m a t e d  Level  
A do p te d 

Record Average Arizona Irrigated 
Farms"  

Cotton, lint 

Saf f lower  

T o m a  toes 

Peanuts  

S o y be a n  s 

Sorghum 

Dry beans  

Wheat 

P o t a t o e s  

Ci t rus  
(oranges) 

9.0 

21.5 

22.0 

45.4 

17.0 

39.4 

2 5 0  

25.0 

52 

1 2 0 0  

55  

1 3 0  

35 

12 0 

1 0 0 0  

63 0 

17.5 

40 

6 00 

4 0 

36 

80 

3 0  

60 

480 

410 

"Arizona Crop and  L ives tock  Reporting Service,  1967. 
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reasonable  to expect  subs tan t ia l  i n c r e a s e s  in to- 
day’s y ie lds  as a result of a d v a n c e s  in  agricultural 
technology that  will surely occur  i n  the  next decade.  

6.2.4 Water-Yield Relationships 

T h e  l e v e l s  of yield so  far considered have  referred 
to those  obtained with management techniques de- 
s igned to  provide the  optimum environment for maxi- 
mum production. Such a treatment, usual ly  referred 
to as t h e  optimum, ignores the pr ice  and cost rela- 
tionship. Early irrigation experiments  h a v e  shown’ 
that  when water i s  expensive relat ive to  the value of 
the crop and the  land,  then t h e  itiost profitable irri- 
gation treatment i s  often that obtained by applying a 
quant i ty  of water per unit a r e a  l e s s  than the maxi- 
mum required by the physical  environment. T h i s  is 
because ,  althougn such a treatment may reduce the 
yield, i t  redisces the water u s a g e  to a far greater ex- 
tent .  T h u s ,  the water u s e  eff ic iency or yield per 
unit water  application i s  actual ly  increased .  ’ 

In th i s  s tudy severa l  a l ternat ive l e v e l s  of water 
appl icat ion were considered for the  limited number 
of c rops  for which da ta  were avai lable .  T h e  water- 
yield relationship determined in I s rae l  for three 
crops (cotton, grain sorghum, and peanuts )  ’’ w a s  
generalized and then used to ca lcu la te  the  water re- 
quirements  and yields  shown i n  T a b l e  6.3 for three 
a l te rna t ive  water application leve ls .  L e v e l  A 
represents  the  optimum agronomic treatment, while 
leve ls  B and C represent increas ing  restr ic t ions in  
the  amounts of water application. 

6.2.5 Productivity of Craps frain Calorie and Pro- 
te in  Stondpoint 

One of the  principal ob jec t ives  of the  es tab l i sh-  
ment of the  agricultural complex i s  t h e  production of 
the maximum amount of human food. There  a r e  many 
wa57s of evaluat ing food products, one of which i s  t o  
compare them on the  b a s i s  of the  number of ca lor ies  
or the  amount of protein they contain. 

It i s  generally considered that  e a c h  person re- 
quires  approximately 2500 kca l /day  and 65 g of pro- 
tein. T h e  prec ise  numbers are inf luenced by t h e  
amount of physical  act ivi ty ,  c l imate ,  age ,  weight, 

I6J .  A. Widstoe and L. A. blerrill, IJtah A g r .  C o f f .  E x p .  
S t a .  Bu l l .  1 1  7, 6 9  (1912).  
’ 7G. Stanhill  and Y. Vaadia,  “Fac to r s  Affecting P lan t  

Responses  to  Soil  Water,’’ p. 452 i n  Irrigation of  Agr icu f -  
turaf Lands ,  ed. by R. M. Hagan, H. K. Haise ,  and T. W .  
Edminister,  Am. S O C .  Agric., Madison, 1967. 

sex, and other factors.’ 
Calor ie  and protein content of each  food product ob- 
ta ined from crops, based iipon products  as  they are  
normally consurned, is given i n  Table 6.4. P e a n u t s ,  
wheat ,  and sorghum have  moderately high calor i f ic  
values .  In contrast ,  potatoes  a t e  considered low be- 
cause of the  high percentage of water, even though 
on a dry-weight b a s i s  they have  a high s ta rch  con- 
tent. Ci t rus  fruit also h a s  a high water  content ,  and 
although i t  contains  considerable  s u g a r ,  i t  h a s  a 
low ca lor ie  coiitent on a total-weight bas i s .  

S ince  one of the major ob jec t ives  of the  agri- 
cul tural  complex i s  t o  produce t h e  maximum number 
of C a l o r i e s  for human consumption, a cropping s y s -  
tem tha t  maximizes the Calor ies  produced is con- 
s idered in  a la ter  part of th i s  sec t ion .  

Inforination on the  

6.2.6 Fer t i l i ze r  Program 

’The fertilizer program for e a c h  crop grown in the 
agricultural complex will be  determined by soil, pre- 
vious crop, yield level, and other  factors .  Of the 
nearly two dozen elements  known to be  required for 
plant growth, i t  i s  probable that  only nitrogen and 
phosphorus will be required ini t ia l ly  in  s ignif icant  
amounts  as fertilizer. Deser t  s o i l s  a r e  a lkal ine and 
inherently rich in potash. They  usual ly  contain 
moderate to abundant suppl ies  of phosphorus and a 
minimum amount of nitrogen. 

S ince  the  c o s t  of fer t i l izers  forms a relat ively 
s m a l l  par t  of the total  c o s t  of crop production, i t  
w a s  not considered necessary  to  assess t h e  actual  
amounts of fertilizer needed for the  agricultural com- 
plex with the same accuracy a s  t h e  crop water  re- 
quirements. In the detai led c o s t  es t imates ,  the  
f igures  used  for fertilizer requirement were suppl ied 
by R. Dennis’  on the b a s i s  of the  amounts  used i n  
the  irrigated deser t  valleys of the  southwestern 
United S t a t e s  under condi t ions of nonlimiting water 
appl icat ions.  Initially, appl icat ion r a t e s  of 3 0 0  Ib 
or more of nitrogen per acre per year  may b e  required 
to achieve  maximum yie lds  for a number of crops,  
such  as  wheat and sorghum, where irrigation is not 
limited. Yearly phosphate (P205) requirements may 
be  a s  high as 150 lb/acre. E x c e p t  poss ib ly  for po- 
t a t o e s ,  appl icat ions of potash will probably not be  

”Grace A. Goldsmith et. a]., “Bopulation and Nutri- 
t ional Demands,” p. 47  in The  World Food Problem, vol. 
11, T h e  White House,  Washington, 19157. 

of Arizona, Tucson.  
’Consultant to  Study Group and Agronomist, University 



required initially. With continued cropping over  
rriany years ,  potash fer t i l izer  will probably ;&XI be 
netrded for other  crops. 

Nitrogenous fertilizer will probably he most ef- 
fect ive and efficient when appl ied i n  the  i r r j  gation 
water, s i n c e  the  greatest  crop response  to th i s  ele- 
m e n t  is usual ly  obtained from frequent but s m a l l  ap- 
plicat ions during t.he growing s e a s o n .  13y contrast  
phosphate  would normally be appl ied during seedbed 
preparation or a t  the t i m e  of the  preplantirig irriga- 
tion, s i n c e  l a t e  appl icat ions of this  e lement  have  
very l i t t l e  inf1aenc:e on t h e  yield. 

For  e a c h  crop and locale  the  optimum amount and 
combination of fertilizer a s  well as the b e s t  time and 
me!.hod of applic:ation would have  to be determined 
experimentally. 

Fer!ilizers wi l l  be avai lable  from t h e  industr ia l  
ares of - the  complex at  re la t ively low cost, and no at-  
tempt has been made i n  th i s  a n a l y s i s  to “optimize” 
their use from an economic standpoint. However, 
this would be desirable from the standpoint  of op- 
e ra t ing  such  a complex even though water utilization 
and crop marketing are  rnuch more s e n s i t i v e  areas 
concerning profits. T h e  assumed general  fer t i l izer  
ra tes  are shown in ?‘able 6.5 for e a c h  crop. 

6.2.7 Costs and Returns for Selected Crops 

The general approach used here in evaluar ing 
costs and returns w a s  to  es t i inate  costs of producing 
each crop fur comparison with reti~rn:; based  on two 
levels of market prices. Two kinds uf costs are Iin- 

Table 6.3. Assumed Water-Yield Relat ionships 

....... ___ - ................................ ~ . 
Water Application Water Requirement Y ir Id 

Ice ve I” (acre-in. /acre  j ( Ib / ac re )  Crop 

Cotton 

Safflower 

A 
B 
c 

A 
B 
c 

34.5 
22.6 

17.3 

33.4 
2.5.0 
2 0.2 

B 1,730 
1 ,570h 

b 1,390 

4,000 
3,500 
3,000 

Tomatoes A 19.0 6 0 I G 00 

Pr: anut s 

Soybeans 

Sorghum 

A 
13 
c 

34.5 
28.0 
24.1 

4,000 
3,560 
3,109 

A 33.4 3,600 

A 
H 
C 

27.6 
20.9 

17.3 

8,000 

6,700 
5,340 

Dry beans A 20.6 3,000 

Wheat A 
u 
c 

20.0 

16.7 
13.3 

6,000 
5,200 
4,000 

P o t a t o e s  A 16.0 48,000 

Citrus A 53.1  44,000 
.. ._ ............................ .......................... ......... 

“ A  - optitiiiim agronomic treatment; 8, C - w a t e r  application restricted.  
‘Excluding weight of cot tonseed harvested.  



Table  6.4. Calorie a n d  Protein Y i e l d  for the Ten Cropsa 
. . .. .......... ......... -- 

.. . .. . . . . . 
Protein 

Water Calor ies  
Crop‘ I Kilograms per ~. . . . . . . . . . 

Grams/Pound Kilograms/Acre Acre-Inch of Per P e r  Acre-Inch Application 

Water Pound Per Acre of Water 

Safflower 

Tomatoes 

Peanu t s  

Soybeans 

Sorghum 

Dry beans 

Wheat 

Po ta toes  

Ci t rus  

A 
n 
C 

A 

A 
B 

C 

A 

A 
B 
C 

A 

A 
I3 

C 

A 

A 

1423 
1423 

1423 

95 

1868 
1868 
1868 

1828 

1506 
1506 
1506 

1538  

1479 
1479 
1479 

279 

131 

x i o 3  
5,692 
4,980 

4,269 

5,700 

7,472 
6,650 
5,791 

6,580 

12,048 
10,090 

8,042 

9,228 

8,874 
7,691 
5,916 

13,392 

5,764 

-. . . . . . . . . . - 

x i o 3  
170.4 
199.2 
211.3 

300.0 

216.6 
237.5 
240.3 

197.0 

436.5 
482.8 
464.9 

448.0 

443.7 
460.5 
448.1 

837.0 

108.5 

44.2 
44.2 

44.2 

176.8 
154.7 

132.6 

4.5 270.0 

86.1 
86.1 
86.1 

344.4 
306.5 
266.9 

154.7 556.9 

49.9 399.2 
49.9 334.3 
49.9 266.5 

101.2 607.2 

46.3 
46.3 
46.3 

277.8 
240.8 
185.2 

7.7 369.6 

2 . 8  123.2 

5.3 
G.2 
6.6 

14.2 

10.0 
11.0 
11.1 

16.7 

14.5 
16.0 
15.4 

2 9.5 

13.9 
14.4 
13.9 

23.1 

2 .3  

”The  values  for Calorie and protein content a r e  taken from the U.S. Dept. of Agriculture,  Agricultural  I iandhook 
No. 8 ,  Composition of Foods ,  by E. K. Watt and 4 .  L. Merrill, revised December 1963. ’The values  for energy a re  i n  
terms of the large calor ie  (kilocalorie) - t he  unit customarily used  i n  nutrition s tudies .  T h e  values  for both Ca lo r i e s  
and protein a r e  the quant i t ies  contained in the edible  portion of a pound a s  purchased. 

‘Cotton omitted because  i t  is primarily a fiber crop. 

portant in determining the b e s t  combination of crops 
to  b e  grown and the bes t  production sys tems:  direct  
and indirect  crop c o s t s .  

Direct  crop c o s t s  are  those farming experises  
which a r i s e  directly from crop production. They in- 
c lude  such  i tems as fertilizer, labor ,  gasol ine for 
t ractors ,  and seed .  Indirect c o s t s  are farming ex- 
p e n s e s  of an “overhead” nature; t a x e s ,  building 
depreciat ion,  insurance,  and in te res t  a r e  examples .  
Indirect c o s t s  a re  an important component of total  
c o s t  because  of the large investment  in  developing 
the  land for irrigation as well a s  i n  machinery and 
s torage  faci l i t ies .  

Specif ic  assuinptions used  a s  a b a s i s  for deter- 
mining c o s t s  a r e  as  follows: 

1. F o r  t h e  ana lys i s  given in  t h i s  sec t ion ,  wa te r  is 
considered to be  a direct  crop c o s t  and is 
charged a given price pel gallon. For the  refer- 
e n c e  ana lys i s  th i s  c o s t  is 10$/1000 ga l ,  or 
$33/acre-ft.  

Eight-row machinery is used for b a s i c  t i l lage 
operat ions and,  whvheti appropriate ,  for harvesting. 

A minimum number of t i l lage operat ions w a s  as- 
sumed.  

2. 

3. 
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Table  6.5. Fer t i l i ze r  Applied per Year  for the 
Agaiculturnl Complex 

Pounds  per Acre 
Crop 

100 

50 

1 5 0  

8 0 

50 

8 0 

70 

5 0  

120 

30 

4, 

5- 
5"  

7. 

Labor i s  charged a t  %.i;q;/hr. While t h i s  is greater 
ifran the agricultural rates in  inany devt : l~pi~ ig  
coiii~tries~ as wxmomic:  devetopn~erit t a k e s  place,  

rates fiir : rgi ic~~lt i .~re  insually r i s e ,  r:ausing 
f6 to more profi;ab!e enterpr ises .  

C ~ ) I T I I ~ O I ~  f o r  the United S t a t e s  w e r e  used. 

Cosfs w e r e  accounted f o r  t h r o u ~ h  the harvesting, 
ete:311ing, sor t ing,  arid storage stag..s. Storage 
f -  .AI .."I' ities are available ~ d j  acent to the agrical- 

tixral complex. 'Their costs were based o w  'those 
now cur ren t  in the liniited States, w i t h  snme ad- 
justments for wagrt rate:; and changing iech!iol- 
o w .  
Sinct: if was not possible to rnake detailed 
studies of these p r o c e s ~ ~ ;  in t h e  t i m e  available, 
tireg: should be investigated later as  ii t;pecial 
s t lld y . 
h s.th the highly efficient product ion sysd.t?as 3.5- 
snrned, high levels of fer t i l izer  applicatjoris 
w e r e  budg:eted for a:; wel l  as generolrs al low- 
iiiice:: (based cii United S t a t e s  practice) for in- 
sect disease, and weed control; the latter items 
w e r e  included ;~ridr?r $.be heading  "other chetmi-- 
Ci3LC;.5' 

> I  Ehese C O S ~ S  i ~ ~ c l u d c  labor axid ii1ai.t:ri;il. 

,. , . 

m 
1 he ca lcu la ted  direct costs for each c r o p  were 

based 061 a nnmbes of cost s tud ie s  (bel?Nee* five end 

ten for each crop) made in the United S ta tes ,  mostly 
in t h e  Southwest. T h e  va lues  used  are shown 
in T a b l e  6.6. It will be iioted that for certain c rops  
the cost of vaaier when valued a t  1 0 ~ / 9 0 0 0  gal. forms 
a very hi& percentage of total direct c o s t s .  For ex- 
ample, water makes up more tR;m bU% ol the tetal 
d i rec t  cost of safflower, sorghum, wheal ,  soybean,  
aid d r y  bean productiorr. For t h e s e  crops the level  
of  profit is high.jlly s e n s i t i v e  to the cost of water. 
P 'or  o ther  c rops ,  such as tomatoes,  potatoes, and 
citrus,  the  cost of water makes up less than 20% O F  
total d i rec t  cost, and profitability is therefore less 
sertsitive to the  cosi. of water. 

Pr ices  of agricultural products vary widely from 
month t o  rrion.tii and from one country to another. 
Saxe count r ies  have  spcr:ifir.- riatianal policies tie- 
signed to keep food cosks low; f o r  icisianac, pr ices  
are lo?i\ler in exporting C O u t l t J i ~ S  than in importing 
countrjes. Sorric of the c:rop..; c o ~ ~ s i d e r t ~ l  here  ( such  
as wheat ,  which is a basic: food, s torab le  and e a s i l y  
transportedj move in  Inrge volume in iiiternaiiorial 

on ly  when processed, and i~ i t~~na i io i i : l l  shipments  
art2 lirni'ied. 

Prices of agriculturnl ~ , ~ t ~ ~ ~ i ~ d i t i e s  nroving in  inter- 
nntiorial trade w e r e  obtained from the United Nations 
;md thc  1J.S. Departi-nixit o f  Agricult iire for a p e r i d  
o f  yea r s .  
F o r  runst crops the prices were those at a TE 
statirirr iii the general area where the c r o p  was pro- 
d!Jc:ed 01 al R coas ta l  shipping point. In the case of 
t h e  toiiiato crop ij. was  assumed that the f r u i t  would 
be ileljvered to a pmcessing plant. I t  was also as- 
w m t ? d  thal certain other vegetables could k: substi- 
tuted for tomatoes to take :advantage of markets or to 
more nearly meet the fcmd needs of the local or rra- 
tiorial populatiorr. Forty percent of the  c i t rus  pro- 

tK;3de. Other Crops, SUCh 23s tomatO€?S,  Can be StOKEd 

Prices selected were those p a i d  to Iarmers. 



duction w a s  assumed to be  for the  fresh fruit market 
and 60% for delivery to  process ing  p lan ts .  

For th i s  study two price l e v e l s  are used. T h e  ref- 
e r ence  price leve l  reflects average  pr ices  over the  
l a s t  ten-year period in countries exporting the  com- 
modity or in  countries with economic pol ic ies  favor- 
i ng  low food prices.  T h i s  s e t  of p r i ces  is referred 
t o  as  world market prices.  

T h e  second leve l  is 30% above  world market 
pr ices  and reflects conditions where food is im- 
ported or where economic pol ic ies  resu l t  i n  pr ices  
above world export levels.  

T h i s  second leve l  of 30% above world market 
pr ices  is probably more appropriate for a country 
l ike  India. FA0 s tud ie s  have  shown that pr ices  of 
agricultural  commodities paid to farmers in India 

Table  6.6. Di rect  Crop Cost  per Acre for Ten Selected Crops 

Dollars per crop per acre  
.__. .................. ~ ....................... 

Cotton Safflower Tomatoes  Peanu t s  Soybeans 
(Yield, 17.5 cwt)  (Yield,  4 0  cwt) (Yield, 3 0  T o n s )  (Yield,  4 0  c w t )  (Yield,  35  cwt)  Item 

.............................. .. .- 

Seed 3.00 4.20 2.50 28.00 3.97 

Labora 4.54 3.33 108.70 3.74 2.56 

Machine operation 10.64 2.20 13.35 2.1 0 2.64 

18.00 11.00 17.00 9.60 7.00 Fert i l izer  

Other chemica ls  28.80 3.00 128.60 25.90 3.00 

b 

WaterC 91.88 91.85 52.25 94.88 91.85 

Storage and marketing 70.00 2.24 10 .40  1.98 

9.67 9.36 5.32 9.67 9.36 Power 

Miscellaneous 18.09 10.25 26.87 14.22 9.91 

T o t a l  257.62 137.43 354.59 198.51 132.27 

d 

................ - 

Cit rus  Sorghum Dry Beans  Wheat Po ta toes  

(Yield, 80  cwt) (Yield,  30 cwt) (Yield,  60 cwt )  (Yield, 480 cwt) (Yield, 440 cwt) Item 
_. .................... . . ~ ......... .- 

Seed 3.45 4.00 5.25 100.00 

Labora 2.23 2.00 1 .89  18.32 85.00 

Machine operation 2.57 3.00 2.46 7.47 7.29 

Fer t i l i zerb  10.80 7.00 11.00 19 .40  9.00 

Other cheinica 1s 4.00 2.50 3.00 30.00 116.50 

waterC 75.90 56.70 55.00 44.00 146.03 

Storage and rnarketing 4.80 4.70 3 .30  228.10 233.20 

7.73 5.77 5.60 4.48 14.88 Power d 

Miscellaneous 

T o t a l  

9.95 7.50 7.73 

121.43 93.17 95.23 
............... .- 

48.43 59.28 

500.50 671.18 

....... .- ........ 

a t a b o r  is charged a t  250 /hr and exc ludes  that  involved in  the storage and marketing processes .  
bFer t i l i zer  c o s t s  used  are: N, 40 / lb;  P205, 60 /lb;  and K,O, 7$ / lb.  
'Water is charged at  100 / lo00 ga l  or $33/acre-ft  and is a t  the A l eve l  of appl ica t ion  from Tab le  6.4. 
dFor pumping water from the  evaporator and charged a t  $O.OO§/kwhr. 
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have  averaged considerably more than 30% above 
world market pr ices  over the  l a s t  f i v e  years  and are  
likely to remain above this l eve l  in t h e  foreseeable  
future i n  order to obtain des i rab le  i n c r e a s e s  tn do- 
mes t ic  production. For example, the  average  whole- 
sale pr ice  of wheat i n  Gujarat  S t a t e  during t h e  l a s t  
five y e a r s  w a s  twice the world market pr ice  leve l  
ad opted he  re .  

year  a r e  shown in Table  6.7. 
P r i c e  assumptions and ca lcu la ted  gross sales per 

6.2.9 Effect of Water Cost on Returns 
T h e  calculated return above  direct  crop cost for 

e a c h  crop and leve l  of water  and yield is shown i n  

T a b l e  6.8 for world market pr ices  and  al ternat ive 
water  c o s t s  of 5, 10, 15, 20, arid 3 5 ~ .  T h i s  return 
is ca lcu la ted  as  gross rece ip ts  minus direct  crop 
c o s t s  and shows the  income ava i lab le  to pby capi ta l  
c h a r g e s  arid other indirect  costs. 

With low-cost water, t h e  high water appl icat ion 
ra tes  for each  crop are  found to be more profitable, 
but as water costs i n c i e a s e ,  a lower rate  of water  
appl icat ion per crop may be m o s t  profitable. When 
water  is priced at 25@/1000 gal ,  only cotton, toma- 
t o e s ,  po ta toes ,  and ci t rus  show s igni f icant  returns 
above  direct  cos ts .  T h e s e  a r e  a l l  "high-value" 
crops whose  water costs are  a re lat ively s m a l l  part 
of the  total. When water i s  pr iced a t  1 5 ~ / 1 0 0 0  gal, 

Tabla 6.7. Crop Pr ices  and Gross Receipts  per Acre 
-...I_ - .. .................... ........... .__..___ 

IJnit P r i ce  (dollars) 
Water 

Crop Unit 3m Application Cross Receipts"  

Level 
Market World Market 

P r i ce  Tdpvel price Levt,l 

cottoil  

Safflower 

Tomatoes 

P e a n u t s  

Soybeans  

Sorghum 

Dry beans  

Wheat 

Potatoes 

C i t rus  

f Lint ,  hundredweight 

( Seed,  ton 

Hundredweight 

Ton 

IIundredweight 

Bushe l  (60 lb) 

Hundredweight 

Hundredweight 

Rushe l  (GO lb) 

Hundredweight 

Hundredweight 

22.00 

48.00 

4.00 

24.00 

7.00 

2.90 

2.11 

6.00 

1.60 

1.40 

3.00 

28.60 

62.40 

5.20 

31.20 

9.1 0 

3.77 

2.74 

7.80 

2.08 

1.82 

3.90 

{; 
A 
B 
c 

A 

A 
B 
C 

A 

A 
B 
C 

A 

A 
B 
C 

A 

A 

(do l l a r s j ac re  per year) 

......I___ 

452 

406 

359  

1 6 0  

1 4 0  

1 2 0  

72 0 

2 8 0  

249 

2 1  7 

174 

1 6 9  

142 

113 

130 

1 6 0  

1 3 9  

107 

672 

1 3 2 0  

....______...._.......___I_ 

"At world market pr ice  l eve l .  
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wheat, dry beans,  and peanuts  a re  added to  the  l i s t  
of c rops  with $40 or more return per acre  above di- 
rect  c o s t s .  With water a t  10$/1000 gal ,  sorghum and 
s o y b e a n s  c a n  also be added t o  the  above  l i s t .  

T h e s e  relationships ate shown graphically in F igs .  
6.3 and 6.4. Safflower not only h a s  lower  returns 
than the  other  crops a t  low water  c o s t s ,  but the  
s t e e p  s l o p e  of the return per uni t  water  c o s t  rela-. 
t ionship s u g g e s t s  that ptofits a r e  highly sens i t ive  
to the  pr ice  of water. P e a n u t s  is another  crop where 
returns a r e  favorable a t  low water  ra tes  but very 
s e n s i t i v e  to  higher c o s t s  for water. 

Returns  per acre-inch of water  for each  crop and 
water  application level  a re  shown i n  Table  6.9. An 
acre-inch of water only produces $1.53 return above 
direct  crop c o s t  for soybeans  but $5.00 or m o r e  from 
cotton, tomatoes,  potatoes ,  and c i t rus  crops. 

T h e  relationship of cost to the  two price l e v e l s  is 
shown graphically for wheat and peanuts  in  Figs. 
6.5 and 6.6. In this illustration indirect  c o s t s  are  
assumed to  be  $150 per acrc per year ,  or $75 for 
one crop,  s i n c e  i t  i s  assumed that  two different 
c rops  can  be grown on the same l a n d  i n  one  year. 
T h e  b a s i s  for the annual indirect  charges  is 

Table  6.8. Return Above Direct  Crop Casts  per Acre far Selected Crops and Water-Yield 
Relationships wi th  Varying Prices far Water 

World Market P r i ce  Leve l  

Water 
Acre-Inches Crop Application 

Levela of Water 

Cotton A 
I3 

C 

Safflower A 

R 
C 

,. 1 omatoes  

Peanu t s  

Soy be an  s 

Sorghum 

A 

A 
€3 

C 

A 

A 
B 
C 

Dry beans  A 

Wheat A 
B 
C 

Pota toes  A 

34.5 
22.6 
17 .3  

33.4 
25.0 
20.2 

19.0 

34.5 
28.0 
24.1 

33.4 

27.6 
20.9 
17.3 

20.6 

20.0 
16.7 
13 .3  

16.0 

53.1 

Return (dol lars)  for Water P r i ce  (per 1000  Ral) of -- 

242 
226 
1 9 8  

68  
65 
54 

3 92 

129  
112 

88 

88 

86  
72 
50  

115  

92 
81 
59  

194  

41 8 

195 
195 

174  

23 
3 0  
26 

3 65  

82 
73 

55 

42 

47 
43  
26 

87  

65 
58 
41 

172 

345 

147 
164 

1 5 0  

-2 3 
-4 
-2 

33 9 

34  
35 
22 

-4 

1 0  
1 5  

2 

59  

37  
3 5  
23  

1 5 0  

2 72 

1 0 0  
133  
126 

-6 9 
-3 9 
-3 0 

31 3 

-1 3 
-4 

-1 1 

-5 0 

-2 8 
-14 
-2 1 

3 0  

1 0  
1 2  

5 

128  

1 9 3  

52 
102  
1 02 

-115 
-73 
-5 7 

287 

-61 
-42 
-44 

- 96 

-66 
-43 
-45 

2 

-1 8 
-1 1 
-14 

106  

126 

aDirec t  crop c o s t s  for water application leve ls  B and  C reflect  lower water cos t  and, in addition, reductions in 

bReturns above direct  crop c o s t s  are  d iscounted  at 1 (W,/year to ref lect  i n i t i a l  year  value of future income and  ex-  
harvesting and other i tems a s soc ia t ed  with the  reduced yield.  

penses  over the prodiictive l i fe  of the orchard. 
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F i g .  6.3. E f f e c t  of Wuter Cost  on Return per Acre a t  World Market Pr ices 
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F i g .  6.4. E f fec t  of Water Cost  on Return per Acre u t  World Market Pr ices.  
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F ig .  6.5. E f fec t  of Water Cost  on Return per Hundredweight of Wheat Produced. 
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Fig.  6.6 .  Ef fec t  o f  Water Cost  on Return per Hundredweight of Peanuts Produced. 
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presented la ter  in th i s  report and i s  based  on a 
c o s t  of money of 10%. T h e  lower l i n e  is t h e  direct  
crop c o s t  per  hundredweight. T h e  to ta l  c o s t  l i n e  
ref lects  both direct  crop c o s t s  and al located indirect 
costs. T h e  intersect ions of the  total  c o s t  l ine with 
the pr ice  l ines provide bench marks concerning 
break-even water costs. In thc  c a s e  of wheat ,  at 
world market pr ice  l e v e l s  total  d i rec t  c o s t s  a r e  
covered only when water c o s t s  l e s s  than about 
8$/10@0 gal. The  break-even cost rises to 17q/1000 
gal a t  t h e  higher price l e v e l s  occurr ing i n  Asia. For 
peanuts  the break-even c o s t s  a r e  considerably 
greater. 

Table 6.9. Return Abave Direct  Crop Cost per 

Acre-Inch of Watei3 

Water 
Dollars per Acre-Inch 

of Water  
Crop Application 

Level 

Cotton 

Peanu t s  

Soybeans 

Sorghum 

Summer Period 

A 
I3 
c 

A 
B 
c 
A 

A 
R 
c 

5.00 

8.60 

10.10 

2.40 

2 .60  

2.30 

1.30 

1.60 
2.1 0 
1.50 

Dty beans A 4.20 

Winter Period 

Toma toes A 

Wheat A 
I3 

c 

19.30 

3.30 

3,50 

3.10 

Pota toe: s A 10.70 

Perennial  and Variable 

Cit rus  A 6.50 

Safflower A 
B 
c- 

0.70 
1.20 

1.30 

aRased on world marke t  prices and 1 O g / l O O O  gal for 
water, 

T h e  most profitable crop combination involves 
se lec t ion  to  maximize return above direct  c o s t  for 
the sys tem as a whole and not necessar i ly  to cover 
the pro rata s h a r e  of a l l  indirect costs for each  crop 
separa te ly .  Frequently this involves  u s i n g  a re- 
s o u r c e  for a crop in  which the return obtained is 
l e s s  than the  total  c o s t  but greater than the  direct  
c o s t .  

6.3 The Agricwlturat Complex 

6.3.1 Cropping Systems 

Three  al ternat ive cropping s y s t e m s  are  d i s c u s s e d  
in th i s  report. System 1 is a general ized production 
s y s t e m  where a l l  ten crops are grown, sys tem 2 is 
des igned  to maximize profit s u b j e c t  to var ious 
res t ra in ts?  and system 3 is  des igned  to maximize 
ca lor ie  yield subject  to restraints .  T h e s e  t h r e e  sys-  
t e m s  are more fully descr ibed in a l a t e r  sec t ion ,  

6.3.2 Description of F a r m  Layout 

T h e  layout  of the agricultural complex must be 
carefully designed to transmit and u t i l i ze  water  ef- 
f ic ient ly  and y e t  provide t h e  flexibility needed to 
produce a variety of crops under condi t ions of con-  
t inual  change. Changes i n  the  economic environ- 
ment, new technology, and changing demands for 
food products  will require adaptabi l i ty  in  the  pro- 
duction sys tem over the period of usefu lness  of the 
investment, arid even from year  to year .  

T h e  ultiniate configuration and development of 
s u c h  a complex will be s ignif icant ly  influenced by 
the geomorphology of the area,  s u c h  a s  the  land 
gradient, natural drainage c o u r s e s ,  and the avail- 
abi l i ty  of aquifers for water skirage. 
d e t a i l s  on a spec i f ic  s i t e  locat ion,  a number of 
simplifying assumptions have  been made for the 
general conceptual  layout. 

In visual iz ing problems to b e  encount.ered in the  
development o f  the  complex i t  is helpful  to refer to 
Fig.  6.7, the  conceptual layout. The output  of the  
evaporators ,  about 1,000,000,000 gal of water per 
day ,  is pumped to the  farmiarid through a trunk l ine,  
assuming a 200-ft lift t o  a c a n a l  b i sec t ing  the land 
area.  From the cana l  the w a t e r  is pumped through 
underground p ipes  to  the  f ie lds ,  where a serniauto- 
rnatic overhead sprinkler sys tem dis t r ibu tes  i t  to 
the crops.  S ince  water requirements a re  much higher 
in t h e  h o t  summer months than i n  the  winter, provi- 
s ion is made for an extra  acreage  of land lo  be  

Lacking  full 
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cropped in  t h e  winter months to u t i l i ze  more evenly 
the  cons tan t  amount of water ava i lab le  from the  
evaporators. 

T h e  opportunity is provided for s tor ing  water 
during s lack  per iods for u s e  during peak  s e a s o n a l  
needs.  Where hydrological condi t ions permit, water 
would be s tored underground and repumped as  
needed,  T h i s  system would probably require a 
lower investment  than the construct ion of sur face  
water s torage  faci l i t ies .  

T h e  land area for crop production var ies  from 
290,000 to  320,000 acres in  t h e  three cropping s y s -  
tems c0nsidere.d. For the  smaller  a rea ,  t h i s  might 
be  a plot approximately 36 miles  long and  12.5 
mi les  wide, equivalent to an a r e a  of 450 sq miles .  

A wide variation in the nature  of soils and topog- 
raphy a t  e a c h  locale  c a n  be expec ted  as  well as 
within e a c h  location. Hence  t h e  layout  of t h e  farm 
and t h e  investment necessary  to prepare land for ef- 
f ic ient  irrigation and inachine operat ions wil l  vary 
widely. In some s i tuat ions a minimum of investment  
would be needed i.o cover  only t h e  c o s t  of land 
smoothing. At other s i t e s ,  high concentrat ions of 
sodium s a l t s  may requi re  leaching,  t h e  s o i l  texture 
may make expensive deep  cul t ivat ion a n e c e s s i t y ,  or 
the topography may requite a s u b s t a n t i a l  investment 
in  land  leveling. 

Structures  needed include shops ,  niachirie s torage ,  
and s torage  fac i l i t i es  for c rops  produced. P r o c e s s -  
ing fac i l i t i es  include a cot ton gin and  a vegetable  
canning plant. Several  s m a l l  v i l lages  would proba- 
bly be  developed adjacent  to the  irrigated a rea  for 
the  convenience of workers. It would be  des i rab le  
also to have  o n e  or more a r e a s  of s m a l l  p lo ts  
equipped with irrigation water  which could  be  owried 
anti worked by famil ies  l iving i n  the  area. T h i s  
would be  a way for workers in t h e  industr ia l ,  agri- 
cul tural ,  and support ac t iv i t ies ,  or members of their  
famil ies ,  to increase  their s tandard of l iv ing  with a 
part-time or supplemental act ivi ty .  

6.3.3 jnvestment in Land and I t s  Preparation and 
Rec lomotion 

T h e  in i t ia l  c o s t  of  obtaining ownership or  u s e  of 
land for the agricultural complex is highly specula-  
t ive.  In  many dcser t  a r e a s  there  would be n o  s a l e  
price, s i n c e  such  a r e a s  are usua l ly  unproductive 
and unpopulated. In other  s i t u a t i o n s  there  would he  
a c o s t ,  e i ther  because  t h e  land is control led by in- 
dividuals  or organizat ions or b e c a u s e  of the  costs 
of relocat ing people  l iving i n  the  a rea .  In any case 

it is assumed that  the in i t ia l  cost to obtain control  
over the  l a n d  would be  relatively low. It i s  poss i -  
ble, however, that  once the economic: feasibi l i ty  of 
the  agro-industrial complex h a s  been demonstrated, 
s u i t a b l e  locat ions would i n c r e a s e  i n  value,  and any 
subsequent  developments would involve higher  costs 
for land purchase. 

C o s t s  of preparing the land for irrigation and agri- 
cul tural  u s e  will a l so  vary widely, depending on the 
s p e c i f i c  s t a t e  of the land. Often, d e s e r t  a r e a s  lo- 
c a t e d  near  the  seacoast h a v e  accumulated large 
amounts  of s a l t  in the  upper par t  of the  soil  horizon 
over a period of centur ies .  This s i tua t ion  is of 
particular concerri when the  ratio of sodium to cal-  
cium and other divalent s a l t s  is large.  High con- 
centrat ions of salts in the  profile a r e  harmful to 
plant  growth and c a u s e  poor s o i l  s t ruc ture  arid s low 
water  infiltration rates .  When t h e  salt concentration 
is high,  reclamation of the  land may be achieved by 
leaching the  so i l  with sal t - f ree  water. 
s i tua t ions ,  application of gypsum and other  soil 
amendments may also be needed.2 

mat.ion h a s  been required, c o s t  e s t i m a t e s  for t h i s  
operation average, per acre: (I) sur face  drainage 
c a n a l ,  $8; (2) subsoi l ing,  $8; (3) labor, $ 2 ;  (4) 
land  leve l ing  (touchup), $8; and ( 5 )  nutrient replace- 
ment, $9. An average of 3 acre-ft of water  per acre 
i s  required for reclamatiori. 

If t h e  cost of $33 per acre-foot is assumed for the 
water  tha t  wil l  be  used for the  leaching,  t h e  c o s t  of  
water  for leaching will be $99. Under s u c h  a n  as- 
sumption t h e  c o s t  of land reclamation, s imilar  to 
tha t  claimed out in  cer ta in  portions of t h e  southern 
par t  of t h e  San Joaquin Val ley of Cal i fornia ,  would 
be $134 per acre .  Cos t  e s t i m a t e s  for reclamation i n  
the Imperial Valley of California range from $50 to 
$100 per acre .  

T h e  l a s t  increment of water  appl ied for the  leach-  
ing operation would remain in the  soil and would be 
ava i lab le  to t h e  plants .  T h e  amount of water  remain- 
ing would depend on the texture  of the  soil and other 
factors ,  but would approximate ‘4 acre-ft/acre. If 
the c o s t  of t h i s  water is not charged to leaching ,  the 
ne t  charge for leaching  as in  the  San Joaquin Valley 
of Cal i fornia  would b e  $118.5 per  acre .  

In s e v e r e  

In Cal i fornia  and certain other  s t a t e s  where recla- 

24L.  A.  Richards (ed.) ~ “Diagnosis  and Xmprovement 
of Sal ine and Alkali  S o i l s , ” A p r ~ c u l f u r a f  Handhook No. 60, 
?J.S. Department of Agriculture,  Washington, D.C., 1954. 

5Personal communication from P. 9. Kolnvek, irriga- 
tion engineer,  U.S.D.A., Imperial Valley,  Calif .  



116 

While i t  will be very desirable  to s e l e c t  a s i t e  for 
the agro-industrial complex that requires  a minimum 
of land reclamation, es t imates  of the  c o s t  of recla- 
mation have been made, should i t  be  required. It is 
impossible  to determine the  c o s t  for reclamation ac-  
curately until the physical-chemical s t a t u s  of the 
s o i l  a t  the  s i t e  selected h a s  been es tab l i shed .  T h e  
c o s t  of reclamation might vary from zero  to more than 
$150 per acre. A c o s t  of $65 per acre  w a s  allowed 
for in t h i s  s tudy.  

L a n d  level ing and land smoothing operat ions may 
need to be undertaken before c rops  a r e  produced. 
Level ing  conimonly refers to  the inovement of s o i l  
from one location to another  and requires heavy 
machinery. Land smoothing here  refers t o  the  prepa- 
ration of a n  even field surface.  

I t  i s  of interest  here  to  cons ider  the  average c o s t  
of land development in severa l  a r e a s  of the world. 
T h e  c o s t  of such  development, including level ing of 
the s o i l  so that i t  could be sur face  i r r igated,  w a s  
$40 per acre in the Imperial Val ley and $58 per acre 
in Hawaii. Where no  land leve l ing  w a s  required, de- 
velopment c o s t s  were $25 per a c r e  in  Austral ia  and 
$20 per acre  in Colorado. ” 

In t h i s  study it h a s  been assumed that  the c o s t  of 
clear ing,  leveling, and smoothing the  s i t e  will be 
$45 per acre. T h i s  figure w a s  derived on the b a s i s  
of the  need to rnove about 250 yd3 of ear th  a t  a c o s t  
of 16@/yd3.  If land level ing is unnecessary the  
c o s t  of land preparation wil l  be  $20 per acre .  

Despi te  the  fact  that  a n  eff ic ient  irrigation system 
del iver ing water of very low s a l t  content  i s  planned,  
the  c o s t  of providing drainage fac i l i t i es  h a s  been 
included. T h i s  is because  t h e  his tory of arid zone 
agricul ture  throughout the world h a s  shown that  it i s  
alirlost impossible  to maintain permanent irrigation 
farming without artificial drainage. In addition, 
most of the  loca les  examined are subjec t  t o  occa- 
s iona l  heavy rains  or the danger  of f lash  floods from 
upland areas pass ing  through the  farm, and provision 
h a s  to be  made for the quick removal of s u c h  water. 

Drainage c o s t s  vary widely f rom s i t e  to site ac- 
cording to soil properties and the  e x i s t i n g  natural  
drainage system. T h e  c o s t s  adopted here  a r e  on 
the high s ide,  but i t  should be  borne in  mind that  
some of the cost should be recoverable  in  t h e  form 

of d e e p  percolation and rainfall water  co l lec ted  for 
reuse.  

c o s t s ,  together with the va lues  used  in t h i s  s tudy,  
is given in Table  6.10. It will be noted that  the  
c o s t s  per  a c r e  are l e s s  for t h e  winter-only area than 
for the  b a s i c  farm. T h i s  is just i f ied on t h e  grounds 
that  single-crop agriculture requires  l e s s  intensive 
land development than multiple cropping. It should 
a l s o  be poss ib le  to  loca te  the addi t ional  winter  acre- 
a g e  i n  an area where l i t t l e  land preparation would be 
needed I 

T h e  range in land and land preparation i n v e r t  ., merit 

6.3.4 Irrigation System 

T h e  spr inkler  method of irrigation w a s  s e l e c t e d  
for use in the agricultural complex a s  the  most ef- 
f ic ient  method currently and commercially avai lable .  
T h e  possibi l i ty  of some more eff ic ient  method of 
underground irrigation system being developed i n  
the near  future should be borne in mind, espec ia l ly  
for some of the crops such  as  ci t rus .  It i s  l ikely,  
however, that the c o s t  of i t s  ins ta l la t ion  and the  
complexity of i t s  management wi l l  be  greater  than 
that  for the  sprinkler system. Converse ly ,  while 
under favorable conditions the  c o s t s  of furrow and 
border methods of irrigation are much less than the 
spr inkler  system, they a re  a l s o  generally l e s s  ef- 
f ic ient  in  water u s e  and m o r e  difficult to  control. 

so i l ,  c l imat ic ,  and topographic condi t ions.  It i s  
well adapted to the s o i l s  and topography likely to 
b e  met with in the loca les  s tud ied ,  and the s inal l  
evaporation l o s s e s  during spr inkl ing c a n  be almost 
eliminated by restr ic t ing irrigation to the cooler  and 
calmer part of the  day. Water appl icat ion c a n  be 
controlled readily with spr inklers ,  so tha t  the irriga- 
tion schedule  c a n  he adapted to the optimum treat- 
ment needed for each crop.2 ’ 

Several  types of irrigation sys tems us ing  sprin- 
klers  a re  in general use .  T h e  s y s t e m  assumed here 
is based on the more recent  la rge-sca le  s c h e m e s  
adopted in arid regions and h a s  s i x  major segments ,  
a s  follows: 

1. A main pumping s ta t ion a t  the d e s a l t i n g  plant to 
de l iver  the full capaci ty  of the  plant  inland 

Sprinkler irrigation is adapted to  a wide range of 

26R.  K e v e l l e  et a l . ,  “Water and Land,” pp. 460-64 in 
The World Food Problem, vol. 11, The VJhite House,  
Washington, 1967. 

2 7 J .  N. Luthin,  “Drainage of Irrigated Lands ,”  pp. 
314-347 in Drainage of Agricultriral Lands, ed. by J. N. 
Luthin, Am. S O C .  Agron., Madison, 1957. 

...... _- 

”J. E. Chr is t iansen  and J. R. Davis ,  “8prinkler 
Irrigation S y s t e m s , ”  pp. 885.--904 in  Irrigation of Agricul-  
tural Lands, ed. by K. 111. Hagan, H. K. Waise, and T. W. 
Edminister,  Am. S O C .  Agron., Madison, 1967. 
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Table 6.10. Land and Land Preparation Investment Casts 

Dollars  per ac re  

Land  purchase 

1,caching 

Value.; U s e d  in This S t u d y  
_..-_..I- -- Typical Range 

(United S ta t e s )  Basic Farm Ex:ra Winter Area 
I t e m  

Land leveling, clearing, and 
smoothing 

Drainage s y s t e m  

Total 

0-1 5 0 

18-76 

15-50 

100 

13 8-4 ox 

10 

65 

4 5 

30 

110 

2 60 
- 

1 0  

2 0  

20  

0 

5 0  

throngh the industr ia l  a rea  i n  a main trunk l ine  to 
the main distribution cana l .  

could be  hand moved or tractor pul led,  or, alter- 
nat ively,  one of ihe recently introduced semiaiito- 

2. A buried pipeline to carry the full capac i ty  o f  
the  plant. to the main canal. A trunk l ine  about 
15 f f  i n  diameter would be required to  carry 
1,000,000,000 gal  of  water per day. 

3.  An open,  concrete-lined c a n a l  car r ies  one-half 
of the  plant  capaci ty  from the  trunk l ine  i n  two 
directions. 'The added capi ta l  c o s t  in  covering 
i.his segment  is not considered jus t i f ied ,  as a 
preliminary es t imate  s h o w s  t h e  evaporat ion 
l o s s e s  would be negligible. T h i s  c a n a l  is 
oxiented at a n  angle  a c r o s s  the  e leva t ion  con- 
tours  to utilize gravity flow. 

P u m p  s ta t ions  are  located every half m i l e  a long 
the main cana l  to  supply water  through the  hranch 
dis t r ibut ion l ines  t o  the la te ra l  spr inklers  at the  
des i red  pressure. These wil l  also b e  u s e d  for 
pumping water  si.0rt.d underground during cer ta in  
t imes of the  year. 

5. Buried pipe branch l i n e s  carry water  in e a c h  
direct ion from the main cana l  to  t h e  borders of 
the  irrigated f ie lds .  T h e  branch l i n e s  s e r v e  a n  
area  1 mile wide and from 3 to  1 0  miles long. 
Water takeoff points  are loca ted  along the  branch 
for irrigation. I t  h a s  been assumed tha t  the  
branch l i n e s  required for the ex t ra  winter acreage 
could be la id  above ground. 

6. Sprinkler la te ra l s  receive water  from branch 
l i n e s  and  dis t r ibute  i t  f o r  irrigation. T h e  la terals  

4.  

matic  self-propelled s y s t e m s  could b e  used.  The  
l a t t e r  sys tem h a s  la te ra l s  a quarter  of a mile 
long  and is equipped with pipe,  t ravel ing hose, 
and a sprinkler mechanism to irrigate a n  a rea  80 
by 1300 f t  a t  a rate  of 0.6 in./hr. The  whole sys-  
tem moves at a ra te  of 12 ft/hr powered by water  
pressure  or  e lectr ic i ty .  
16 hr/day,  omitting the hours  of maximum evapo- 
ra t ive stress and wind velocity. This minimizes 
water  losses during irrigation and i n c r e a s e s  the  
uniformity of water dis t r ibut ion a t  the pr ice  of a 
greater  investment in irrigation equipment. How- 
ever ,  the  benefit of even  snial l  gains i n  irrigation 
eff ic iency appears  to justify the c o s t  of extra  
la terals .  A total lift of 450 ft h a s  been assumed 
for the  en t i re  system, based  on a pressure  a t  the 
spr inkler  head of 50 p s i  and a land s l o p e  of 2 
ft/mile from the coas t .  

h i g a t - i o n  i s  Limited to  

6.3.5 Water Storage and Retrieval 

I3ecc3t1Se the  desal inat ion plant  will produce water 
at the  same rate  throughout the year  whereas  the 
crop water requirements vary s e a s o n a l l y  by a factor 
of at  l e a s t  6 ,  s o m e  sys tem of  water  s torage  is es- 
sent ia l  i f  the maximum use is to be made of water 
resources .  

b e  envisaged  would be underground i n  a su i tab le  
aquifer underlying the farm area .  In s u c h  a s torage  

'The c h e a p e s t  method of water  s t o r a g e  that  could 



sys tem the  water that  w a s  surp lus  to  irrigation re- 
quirements during the winter woiild he  pumped 
direct ly  into the  branch l ines .  From there  i t  would 
be t ransferred into the aquifer v i a  wel lheads  located 
along the  branch l ines  or  by t h e  spr inkler  sys tem.  
During the periods of peak water demand in  s immer,  
t h i s  underground water would b e  pumped back into 
the branch l ines  for u s e  i n  irrigation. 

If the hydrology of the area w a s  not  s u i t a b l e  for 
underground water s torage on the irrigated a rea ,  then 
considerable  extra  c o s t s  might be involved. T h e  
extra  trunk l ine needed t o  carry the water  from the  
desal inat ion plant  to an outs ide  s torage  aquifer 
and back for summer use  would c o s t  approximately 
$1.92 million per m i l e .  In addition, the  s i z e  of the 
ex is t ing  main trunk, cana l ,  and branch l ine distribu- 
tion sys tem on the farm would have  t o  be increased  
by 37%. 

underground s torage w a s  not feasible .  However, 
the al ternat ive of construct ing sur face  s torage  
reservoirs  would be  very cos t ly  a s  wel l  as wasteful 
in water. [ Preliininary es t imates  of the capi ta l  c o s t  
of convent ional  water s torage  based  on worldwide 
da ta  col lected by Clarkz9  s u g g e s t  that th i s  would 
amount t o  approximately $10 million for the farming 
sys tems descr ibed later. To t h i s  sum, evaporation 
l o s s e s  and extra  pumping c o s t s  would have  
to be  added.] Deep percolation l o s s e s  f rom unlined 
reservoirs  might be recoverable i n  cer ta in  loca les ,  
and i n  others  intensive freshwater  f i sh  farming in  
the  water  s torage a r e a s  might compensa te  for the 
high evaporation losses .  

One way of reducing the  need for water  s torage  i s  
to  i n c r e a s e  crop water consumption during the winter. 
T h i s  could be done most profitably by expanding the 
acreage  of winter-only crops. T h e s e  could include 
crops su i tab le  for l ivestock production or special ly  
drought-resistant crops which can  b e  irrigated when- 
ever  water  is avai lable  without reducing the  yields .  

T h e  farming system envisaged here  inc ludes  pro- 
vision for both expanded acreages  of winter crops 
and on-farm underground water s torage.  Without de- 
ta i led on-si te  invest igat ions a t  e a c h  l o c a l e ,  i t  is 
difficult to know to what ex ten t  t h e  adoption of th i s  
sys tem of water s torage c a n  be  j ~ s t i f i e d . ~ '  This  

At other  s i t e s  invest igat ions might show that  

118 

a s p e c t  of the  irrigation scheme i s  probably the most  
specula t ive  part and should be given high priority 
in any further planning. 

6.3 I 6 I r r i gat i on I n ve s t m , s  n t s 

'The irrigation system investments  for the  three 
farming sys tems a r e  shown i n  'Table 6.11. In each  
case the total  investment var ies  with the acreages  
and the  peak water demand. Much of t h e  c o s t  i s  
a s s o c i a t e d  with the  volume of water  transmitted in  
the sys tem.  Thus  the  ex t ia  cost of providing water 
for a n  exparided winter acreage i s  considerably l e s s  
than the  average per acre  c o s t  for the  irrigation s y s -  
tem on the  remainder of the farm. Average c o s t s  per 
acre  range from $373 t o  $4.32. 

6.3.7 Machinery and Equipment  Inventory and 
Investment 

The machinery and equipment inventory required 
for the agricultural complex h a s  been prepared from 
a considerat ion of the individual requirements of a l l  
the crops.  Some agricultural operat ions may be per- 
formed throughout the day ,  while o thers  c a n  be  done 
only during a few hours of the day.  
so i l ,  for example, and harvrs t ing  of some crops,  such 
as pota toes ,  can  continue throughout the  ent i re  day.  

Plowing of the  

Table  6.11. Investment ( in  Mi l l ions of Dol lars)  in 

Irrigation System 
- ~ ........ ~. .... ~ ..... ~ .... 

System I , ~  System 2 , a  System 3,a  
Item 280,000 320,000 301,500 

ac res  ac re s  a c r e s  

Trunk l ines  13.4 13 .4  13.4 

Lined cana l  4.8 5.5 5.1 

Branch l ines  58.3 64.0 50.1 

_~___ ....... .- .......... ___...___ ..... 

Well points 12 .0  15.4 15.2 

Pumping s ta t ions  17.6 18.7 12 .9  

La tera 1s 11.9 14 .8  1 2 . 8  

E lectrica 1 3.0 3 .O 3.0  
t ransmiss ion  

'rota 1 121 .0  134.8 112.5 

'C. Clark,  The Economics of lrriga tion, Pergatnon, 

'Preliminary resul ts  from inves t iga t ions  a t  the  Negev- 
Oxford, 1967. 

Sinai loca le  are  encouraging. 
S. Mandel, Center for Groundwater Research ,  Hebrew 
University, Jerusalem. 

Pe r sona l  communication, 

Cost per ac re  432 421 3 73 

( d o lla r s )  

.... ~ .... ____ ..... _ _ _ _ _ . . . ~ . - ~  

aThree  a l te rna te  f a r m  sys tems were developed; s e e  
sec t .  6.3.11. 
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However, for cer ta in  c rops ,  such  as smal l  grains ,  
combining when the humidity is high is unsa t i s fac-  
tory and can  only be  carr ied out  for 10 to 12 hr/day. 
T h e  machinery plan h a s  given considerat ion to e a c h  
of t h e  operat ions necessary  i n  t h e  growing and har- 
v e s t i n g  of all ten  crops considered.  

T h e  number and c o s t  of different i tems of farm 
machinery were itemized for sys tem 1: A 15% down- 
time w a s  assumed for e a c h  i tem,  and a n  additional 
10% h a s  been added to current  United S t a t e s  farm 
machinery pr ices  to cover  transportation and other  
costs l ikely to  be encountered in  moving the items 
to t h e  s i t e  t o  be used  for the complex. The cost o f  
the  machinery w a s  est imated to  be  $28 million for 
sys tem 1. About one-half of t h i s  i s  for t ractors  and 
trucks, 30% is for harvest ing machines ,  and about  
20% i s  for land preparation, plant ing,  and miscel la-  
n e w s  tools. 

T h e  ini t ia l  investment per a c r e  for the  280,000- 
a c r e  uni t  i s  $100. T h i s  same per  acre investment  
w a s  assumed for system 2. T h i s  investment  IS in-  
c r e a s e d  to $115 per acre  for s y s t e m  3 b e c a u s e  all 
the land is utilized during both winter  and summer. 

6.3.8 Storage Faci l i t ies and Buildings 

Storage fac i l i t i es  will be  required for the food and 
f ibe r  produced and for fuel ,  s e e d ,  i n s e c t i c i d e s ,  and 
other products used in the  agricul tural  complex. 
Shelter must b e  provided fur  machinery, and s h o p s  
are needed fur  repair  and maintenance of equipment. 

Est imated investment c o s t s  for s torage  and other 
buildings ranged from $61.5 million for s y s t e m  3 to 
$82.7 million for system 1. 

Storage fac i l i t i es  for potatoes  include costs of 
s tor ing  a maximum of 90% of t h e  crop under con- 
trolled temperature conditions. A maximum of 85% 
of other  c rops  could be s tored.  Modern handl ing 
equipment for transferring commodities from trucks 
to storage and from s torage  to rai l  a re  included i n  
t h e s e  investment  c o s t s .  T h e  assumed capi ta l  costs 
a r e  $1.82 per hundredweight for t h e  controlled- 
temperature fac i l i t i es  for potatoes  and $1.43 per 
hundredweight for grains  and other  food products. 
Time did not allow any inves t iga t ions  i n t o  t h e  poss i -  
b i l i t i es  of food processing to  reduce s torage  c o s t s  
and enhance  the  value of the produce,  although th is  
a s p e c t  obviously merits cons iderable  a t tent ion in  
any further planning. Such inves tments  for process-  
ing food could be organized as a s e p a r a t e  b u s i n e s s ,  
providing s e r v i c e s  on a contractual  b a s i s .  Although 
they were not included i n  t h i s  a n a l y s i s  the  

avai labi l i ty  of these process ing  s e r v i c e s  is as- 
sumed i n  the case of cot ton ginning and tomato 
process  ing . 

6.3.9 Agricultural Research Station and Experi- 
mental Farm 

On-site research fac i l i t i es  with experimental 
f i e l d s  would be e s s e n t i a l  t o  a t ta in  the  production 
and eff ic iency leve ls  assumed in  the  ana lys i s .  T h e  
experimental farm would be n e c e s s a r y  for developing 
improved agricultural sys tems and t e s t i n g  al ternat ive 
crops and cropping sys tems.  In addition t o  routine 
work on  water and fertilizer requirements and d i s e a s e  
and p e s t  control, a long-term research program aimed 
a t  increas ing  water u s e  eff ic iency would be  very de- 
s i rable .  

It i s  es t imated that a s taff  of about ten  profes- 
s iona l  agricultural s c i e n t i s t s  f rom various disci-  
p l ines  would be  required. The  total  investment  in- 
volved h a s  been est imated a t  $1.0 million, itemized 
in  T a b l e  6 .12.  

6.3.10 Total  Investment 

T h e  total investment in the  agricul tural  complex 
var ies  from $295 million for s y s t e m s  P and 3 to  $306 
million for system 2. In terms of investment  per 
acre the c o s t  varies from $957 for sys tem 2 to $1@55 
for sys tem 1. T h e  breakdown in  per a c r e  investment 
c o s t s  is shown in 'Table 6.13. In e a c h  case the in-  
vestment  i n  the irrigation sys tem is the la rges t  
s ing le  c o s t .  

T a b l e  6.12. Investment and Operating Costs far a 

R e s e a r c h  S ta t ion  wi th  a Professional Staff of 
l e  n Investigators 

Inves trnent 

Liborator ies  and  shops  $ 600,000 

Greenhouses  100,000 

80.000 La bora tory equipment 

Field equipment 50.000 

Land impr ovc men t and m i s  c e lla ne ous 170,1100 

$1,000,000 Total 

Annual  operating costsa $35 0,000 

_.__...-._.____I 

a,. l h i s  does not include the cost of in te res t  on invcst-  
ment  or amortization charges. 
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Table 6.13. Total Investment  (Dollars)  per Acre  of Land 

System 1 ,  System 2 ,  Sys tem 3 ,  

Mixed Crops High Profit High Calorie ltem 
... ...... ...... . - -  . . . . . . . . . . 

Land and land improvement 2 00 2 08 2 6 0  

Irrigation sys tem 432 42 1 3 74 

Farm machinery 1 0 0  100 115 

Storage and  buildings 31 9 22 5 22 7 

Research  s ta t ion  4 3 3 

Total  cost p r  acre  1055 95 7 979 

6.3.11 Productian Systems 

Three  al ternat ive production s y s t e m s  are  d is -  

T h e  f i rs t  
c u s s e d  here  t o  i l lustrate  how a complete  agri- 
cul tural  complex might be organized. 
i s  a mixed cropping sys tem including all ten  crops,  
the second i s  a high-profit sys tem,  and the third i s  
a high-calorie production system. 

Certain character is t ics  and assumptions a re  com- 
mon t o  all three systems.  Thus ,  1 ,000,000,000 gal 
of water per day i s  avai lable  from t h e  evaporat ing 
plant. At th i s  plant there are  27 d a y s  of scheduled 
downtime for the evaporators during off-peak months, 
13',,, d a y s  in May and 13',5 d a y s  i n  October. An ad- 
di t ional  ten days  of unscheduled shutdown are pro- 
rated over the whole year. Minor water  l o s s e s  in  
t ransmission (approximately 3.5%), primarily from 
cracks  in  the lined cana l ,  have  been allowed for. 

Water avai lable  would be a s  follows: 1 ,002,500 
acre-ft from 328 d a y s  of operation, 35,500 acre-ft 
t ransmission l o s s e s  per year ,  leaving 967,000 acre- 
f t  avai lable  a t  field per year. T h e  total  c o s t  of the 
water  desal inat ion plant i s  reflected as a n  assumed 
unit c o s t  Fer acre-foot of water for the  1,002,500- 
acre-ft annual  output. For  some par ts  of the  build- 
ing-block ana lys i s  the assumed c o s t  of the water  i s  
lO$/lOOO gal, or $33 per acre-foot. T h i s  b a s i c  
price i s ,  however, varied t o  show the  effect  of dif- 
ferent pr ices  on c o s t s  and returns. 

T h e  relat ively constant  supply of water  coming 
from the  evaporatois  and the  marked s e a s o n a l  dif- 
fe rences  in  crop water requirements c r e a t e  a need 
for flexibility in water requirements and provision 
for  s torage  in  the water distribution system. T h i s  
flexibility can be introduced by providing extra  crop 

acreage  in  winter months and by varying crop vari- 
e t i e s ,  planting d a t e s ,  and the  total  amount of water 
applied per crop, and i t s  distribution during t h e  
growing season .  Such provisions for flexibility may 
involve higher c o s t s  or lower y ie lds .  Similarly 
there aie a number of s torage  p o s s i b i l i t i e s  with dif- 
fering capi ta l  and operating cos ts .  

For th i s  s tudy,  provision h a s  been made for using 
extra  land,  particularly during winter i ionths  when 
per-acre water requirements a r e  lower. Development 
c o s t s  for t h i s  extra acreage a re  lower than for  the  
remainder of the farm. S ince  the  total  amount of 
water distributed does ilot change,  some of the  
spr inkler  la te ra l s  could be moved to  t h i s  area.  

Provis ion h a s  also been made to s tore  water  
underground to  be repumped as  needed.  T h i s  in- 
volves  additional investment and added costs for 
repumping as well as a water l o s s  of l o % ,  the  rnini- 
mum needed t o  prevent seawater  intrusion. 

At  any spec i f ic  location and time, t h e  market for a 
spec i f ic  crop may iequire res t ra int  in production. 
'This frequently i s  the case for vege tab les  and frui ts  
or other high-value crops. In other  cases production 
may be  limited by the ability t o  handle  and d i s t r i t -  
ute a perishable product. While the  degree of pro- 
duction liinitations will vary widely according to the  
objec t ives  of the management, t h e  time, and the 
p lace ,  severa l  general res t r ic t ions were assumed for 
this  s tudy.  Cotton was  restrikted to  40,000 a c r e s ,  
po ta toes  to  60,000 (except in system 1, where i t  is 
90,000 a c r e s ) ,  and c i t rus  and tomatoes to 10,000 
a c r e s  each .  

System 1 :  Mixed Crops. - T h e  crop combination 
for t h i s  farming system w a s  hand ca lcu la ted  to  pro- 
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vide  a wide range of crops,  minimum water  s torage  
requirements, and high-quality food. Although no 
single criterion w a s  s e t  for  a t ta inment ,  an attempt 
w a s  made to ut i l ize  the  maximum amount of water  
direct ly  f r o m  the evaporation plant ,  and considera-  
tion was given to economic returns and  food needs .  
Rotat ion requirements were taken  into account  to 

provide for two crops per year  for the  b a s e  acreage.  
All ten crops were grown a1 the  high water  require- 
ment leve l .  

A summary of land and water ut i l izat ion,  produc- 
tion, and gross  sales for t h i s  sys tem is shown i n  
T a b l e s  6.14 to  6.16. The rece ip ts  a r e  in  a l l  cases 
based  on world market pt ices .  T h e  sys tem provides 

T a b l e  6.14. Land Use, Water Ut i l izat ion,  and Yie lds 

Water appl icat ion l eve l  A un les s  otherwise indicated 
~ ___..........____.~~.....~..___I__ -. ..... . ..................... 

Water Kequirrment 

P e r  Acre T o t a l  
(acre-in.)  (acre-Pi) 

_I_ ~ Yield p e r  Acre Acres 

Summer Winter 
_____I..- Crop 

c o t t o n  

Safflower 
Toma t oe 3 

Pc anu t s 
Soybeans 
Sorghum 
Diy beans  
Wheat 
Pota  t oe r, 

Citrus 

T o t a l  

Cottona 

Toma toes 
Dry beans  

Wheat 
Po ta toes  
C i t rus  

T o t a l  

Tomatoes 
Sorghuma 
Dry beans  
Wheata 
Potd t <JeS 

T o t a l  

40,OO~I 

10,000 

60,000 
2 0,000 
20,000 
40,000 

10,000 

200,000 

40,000 

190,000 

10,000 

240,000 

295,600 
5,900 

301,500 

System 1,  Mixed Crops 

17.5 cwt  l int  
1.4 tons  seer1 

40 C T V f  

1 0,000 600 cwt 

40 cwt 
36 cwt 
80 cwt 
30 cwt 

170,000 G O  c w l  

90,000 480 cwt 

10,000 440 cwt 

280,000 

System 2, High Prof i t  

15.5 cwt l int  
1 .3  tons s e e d  

10,000 GOO cwt  
30 c w t  

240,000 G O  cwt  
480 cwt 60,000 

10,000 440 cwt 

320,000 

System 3, High Calor ie  

10,000 600 cwt 
67 cwt 
30 cwt 

231,500 52 c w t  
60,000 480 cwt 

301,500 

34.5 

33.4 
19 .0  
34.5 
33.4 
27.6 
20.6 
20.0 
16 .0  
53.1 

x i o 3  
115.0 

2 7.8 
15.8 

172.5 
55.7 
46.0 
68.7 

283.2 
120.0 
44.3 

22.6 

19.0 
20.6 

20.0 
16.0 
53.1 

949.0 

75.3 

15 .8  
326.2 
400.1 

80.0 
44.3 

941.7 

19.0 15.8 
20.9 514.9 
20.6 10.1 
16.7 322.2 
16.0 80.0 

943.0 

"Water appl icat ion l eve l  B. 
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for both a n  expanded acreage in winter months 
(280,000 acres  compared with 200,000 a c r e s  in the 
summer months) and a s torage of water  underground 
to  be repumped in peak periods. A total  of 175,000 
acre-ft of water, or 18% of the  water  ava i lab le ,  would 
be s tored for u s e  i n  spr ing  and summer. 

July would be the peak water u s e  month, with re- 
quirements 185% of the water plant output. T h e  

water requirement i s  l e a s t  i n  October and May. 
During these  periods the plant could be s h u t  down 
for severa l  days  for maintenance 2nd repairs. 

peanuts ,  while wheat and potatoes  occupy the most 
acreage  and provide the iilost ca lor ies  and the 
h ighes t  return above variable c o s t .  

T h e  two crops  using the most water  are wheat and 

Table 6.15. Total Production and Gross lncomc 

Water appl ica t ion  leve l  A unless  otherwise indicated 
- 

Crop Tons  

Cotton 
Safflower 
Tonid toes  

Peanuts  
Soybeans 
Sorghum 
Dry beans  
Wliea t 
Pota toes  
Citrus 

Tota I 

Cottonb 
Toma toes  
Dry beans  
Wheat 
Pota toes  
Citrus 

To ta l  

x 103 

91 
2 0  

300  
120 
36 
8 0  
60 

51 0 
2160 

220 

3597 

82 
300  
285 
71 9 

1440  
220 

3 046 

Tomatoes 300 
Soichumb 990 
Dry beans  9 
wheat  602 
Pota toes  1440 

Tota l  3341 

Protein Gross  Rece ip t sa  
(metric tons)  (dollars ) Calor ies  

~ ~ 

System 1, Mixed Crops 

x i o 9  

57 
57 

418 
132 
2 41 
369 

1508 
1205 

58 

4075 

System 2, High Profit 

1 ,800  

2,700 
20,700 
11 ,100  

6,700 
24,300 
47,200 
33,300 
1 ,200  

149,000 
-..__ 

57 
1753 
2129 

803 
58 

2,700 
115 ,400 

66,600 
22 ,200  

1 ,200  

4800.0 208,100 

System 3, High Calorie 

57 2,700 
2 982 98,800 

54 3 ,600  
1780  55,700 

804 22,200 

5677 183,000 
-. . . . . . . . . 

x l o 6  
18.1 

1.6 
7.2 

16.8 
3.5 
3.4 
7.2 

27.2 
60.5 
13 .2  

158.7 

16.2 
7,2 

34.2 
38.4 
40.3 
13 .2  

149.5 

7.2 
41.8 
1.1 

32.1 
40.3 

122.5 
-~ _...._ 

aBased on world export price level .  
'%rater application leve l  R. 
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High Profit:  System 2. - For the  high-profit sys-  
tem the se lec t ion  of crops,  the acreage  devoted to 
each  (under the rest raints  previously d i s c u s s e d ) ,  
the leve l  of water used per crop,  and the amount of 
extra  winter land and repumped water  were se lec ted  
mathematically to maximize profits. A l inear  pro- 
gramming model was  used,  with the  following major 
spec i f ica t ions  and assumptions:  

1. 

2. 

3 .  

4 .  

5. 

Maximum water avai lable  from the  water plant  i s  
budgeted for i n  monthly per iods.  It c a n  a l l  be 
ut i l ized for crop irrigation. 

Water c a n  be used for crop production after stor- 
a g e  underground, being repumped as  required. 
E a c h  acre-foot of water used  i n  th i s  way bea*s 
an additional charge which inc ludes  loss of water 
during s torage,  power c o s t s  for repumping, and 
capi ta l  charges  for the extra  investment. 

T h e  b a s e  acreage can  produce two crops per 
year. Additional winter acreage  may be added 
t o  the  production system if t h i s  i s  the most 
profitable alternative i n  relation to the annual  
total  c o s t s  of this  land. Such c o s t s  include 
capi ta l  charges ,  insurance,  and maintenance for 
t h e  land and i t s  development and for the  irriga- 
tion system. 

Ci t rus  acreage is limited to 10,000 a c r e s ,  
tomatoes to 10,000, pota toes  to 60,000, and 
cotton to  40,000. 

Subject  to the above resources  and restr ic t ions,  
combinations of the ten c rops  and al ternat ive 
r a t e s  of water per crop c a n  b e  used  to  maximize 
return above variable cost. 

T h e  sys tem developed ( T a b l e s  6 .14 to 6.16) in- 
c l u d e s  cotton a t  the  medium rate  of water  application 
and tomatoes, dry beans,  wheat ,  po ta toes ,  and c i t rus  
a t  t h e  higher  rate. T h e  acreages  of the  four high- 
value crops a re  the maximum allowed, with beans 
and wheat  using the rest  of the  water. A total  of 
240,000 acres i s  required with two crops  produced 
per year ,  and an additional 80,000 a c r e s  is used for 
wheat in  winter months. About 77% of the water 
avai lable  is used for dry b e a n s  and wheat. T h e s e  
two c r o p s  also used 3 large proportion of the land. 

About 26% of the water from the water plant  is 
stored and repumped as  needed. July is the month 
v i t h  t h e  peak water requirement, double  the amount 
ava i lab le  from the water plant. 
lowes t  water  requirement, followed by May. 

sys tem w a s  designed to maximize ca lor ie  produc- 

October h a s  the 

High-Calorie Production: System 3. - The thiid 

tion. A l inear  programming model w a s  used to help 
s e l e c t  the crops and water ra tes .  
quant i t ies ,  restrictions, and assumptions in the 
model are ns follows: 

Major resource 

1. 

2. 

3. 

4. 

5. 

6. 

967,000 acre-ft of water i s  ava i lab le  from the 
water plant, specif ied on a monthly bas is .  

All land i s  double cropped with no  additional 
winter acreage. 

Storage and repurnping of water  a re  minimized, 
given the requirements and production specif ied 
for the ten crops and al ternat ive water  ra tes .  

Acreage limitations of spec i f ic  c rops  were: 
c i t rus ,  10,000; tomatoes, 10,000;  po ta toes ,  
60,000; and cotton, 40,000 a c r e s .  

Protein production must be  a t  the ra te  of 65 g 

per 2400 C a l  produced o r  higher, to be cons is ten t  
with general diet  requirements. 

Subject  to the above resources  and restr ic t ions,  
combinations of the ten c rops  and al ternat ive 
water  ra tes  may be used t o  maximize calor ie  
production. 

'The resul t ing system requires  the  u s e  of 301,500 
acres .  F i v e  crops were s e l e c t e d ,  including toinatoes 
and pota toes  a t  the rnaximuiii acreage  al lowed.  T h e  
largest  acreages  would be wheat  and sorghum, while 
a smal l  acreage of dry beans  would be included to  
reduce s torage  of water t o  24% of tha t  avai lable  from 
the  water  plant. July and August were the peak 
water-use months, while October and May were the 
minimum-use months. Deta i l s  concerning th i s  systein 
are given in T a b l e s  6.14 to 6.16. 

Annual Indirect Costs. .-- Annual indirect  c o s t s  for 
the three sys tems are shown in T a b l e  6.17 in terms 
of the  whole complex and on a per a c r e  bas i s .  For  
th i s  a n a l y s i s  1% c o s t  of money w a s  assumed.  T h e  
tab le  shows the annual c o s t  of the  different types of 
investment  and of various overhead items. 

T h e  total  indirect c o s t s  vary from $148 to  $158 per 
acre .  While there i s  some variat ion for the three dif- 
ferent  sys tems,  the general magnitude of c o s t s  c a n  
be  s e e n  with reference to the high-profit sys tem 2 .  
In t h i s  case the annual c o s t  of the irrigation sys tem 
is about $60 per acre  per year. This inc ludes  
charges  for capi ta l  recovery and in te res t  us ing  the 
s inking fund method ($47.28 per  year )  and $9.08 for 
the  other  charges ,  which include maintenance of the 
sys tem and a sriiall allowance in l ieu  of insurance 
and taxes .  
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Table 6.17. lndirect Annual C o s t s  f a r  the Three Systems with an Annual lntereat Rate of 10% 

System 1, Mixed Crop S y s t e m  2 ,  High Profit System 3 ,  High Calorie 
_.____I ~l_.l~.....-...__I. i__ 

Dollars per Dollars per Dollars per 
Acre Total  $ I O 6  Acre Tot.a1$106 Acre 

Item 
Total $1 0 6  

Inwstrnent re la ted  

Land and land development 24.90 7.0 25.80 8.2 32.00 

1rrig.ation s y s t e m  59.1 0 16.5 59.70 19.8 53,oo 

Farm machinery 14.20 4.0 14.20 4.5 16.30 

Buildings and pxper *merit 36.80 10.3 26.20 8.4 26.60 

station 

Subtotal  135.00 37.8 125.90 40.90 127.90 

Sy5tetii re la ted  

Power - repumping from 1 .30 0.4 1.6 0.5 1.60 

s t ora ge 

Water loss 5.40 1.5 6.2 2.0 6.40 

Management, interest  on 16.40 4.6 13.80 4.4 14.30 

working capital, and 
mis ce l lane nus 

Subtotal  23.10 6.5 21.60 6.9 22.30 

Tota l  inditec t annual  cost  158.1 0 44.3 147.50 47.8 150.20 

Dependent on in t e re s t  ra te  35.0 36.2 

Other 9.3 11.6 
^______~.-____._I . 

L a n d  and land development comes to about $26 p e r  
a c r e  per year ,  including $21 for c a p i t a l  recovery and 
$1.50 fo,r taxes .  Similarly, indirect  c o s t s  for build- 
ings and the  experiment s ta t ion  come to $26.20 per 
year ,  a subs tan t ia l  proportion of which is attribut- 
a b l e  to crop storage. T h e  total  annual  indirect 
charge  related to investments  in the  s y s t e m  is 
$125.90. Additional annual  sys tem related c o s t s  of 
$23..60 a r e  made up of management costs ,  in te res t  
on opera t ing  capi ta l ,  and small misce l laneous  i tems 
which include water  loss during s torage.  T h e s e  
i tems bring the total  indirect c o s t s  to $147.50 per  
acre  p e t  year. 

6.3.12 Comparison of the Three Systems 

A summary of the three sys tems i s  shown i n  Table  
6.18. It should be noted that  there  is a considerable  

9.6 

16.0 

4.9 

8.0 

38.5 

0.5 

1.9 

4.3 

6.7 

45.2 

34.9 

10.3 

difference in income and the  qual i ty  and quantity of 
food produced.31 More people could be  fed on a 
minimum die t  from the  high-calorie sys tem than from 
the  high-profit system, but with a Considerable 
s a c r i f i c e  in  profit. The  high-calorie sys tem would 
produce ca lor ies  for 6.3 million persons  (a t  2500 
Cal /day ,  excluding losses in s torage ,  dis t r ibut ion,  
and processing)  compared with 4 . 5  million persons 
for the mixed crop system and 5.3 million for the  
high-profit system. 

most protein; however, th i s  was not o n e  of t h e  
cr i ter ia  used for crop select ion.  

Of the  three, the high-profit sys tem produces the  

All  three s y s t e m s  

'Attention was confined to ed ib le  protein and calor ies ;  
protein quali ty and other e s sen t i a l  nutri t ional require- 
rnents such  a s  vitamins were not considered. 
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Table 6,18, Summary of the Three S y s t e m s  

Water a t  1 0 $ / 1 0 0 0  gal  

System 1 ,  Mixed Crops System 2 ,  High Profit  System 3 ,  High Calorie 

Land (acres)  

Surniner 
Winter 

Crop uti l izing largest  ac reage  

Crop uti l izing most water  

Water stored (percent of annua l  
total  water  delivery) 

Production ( thousands of tons)  

Ca 1 oric s (billion) 

Protein ( thousands of metric tons)  

Millions of persons feda 

Protein per person fed ( g l d a y )  

Water used per person fed (gpd) 

Investment 

T o t a l  (mill ions of dol lars)  
Per ac re  (dollars) 
P e r  person fed (dollars) 

Gross receipts  (mill ions of dol lars)  a t  
world market pr ices  

Direct crop c o s t s  (mill ions of dol lars)  

Return above direct  crop c o s t  

Internal rate of return 

h 

World export  pr ices  (7') 

30% above world market pr ices  (Yo) 

200,000 
2 80,000 

Wheat 

Wheat 

18.1 

3600 

4080 

1 4 9  

4.5 

91 

200 

295 
1055 
63 

158.7 

103.9 

51.8 

1 3  

26 

24 0,000 
320,000 

Wheat 

Wheat 

25.6 

3050 

4800 

2 08 

5.3 

107 

170 

306 
957 
56 

149.5 

89.1 

57.4 

1 4  
26 

301,500 
301,500 

Wheat 

Sorghum 

24.0 

3340 

5680 

183 

6.3 

79 

145  

295 
979 
45 

122.5 

81.8 

40.7 

9 

19 

a2500 cal /day.  
bGross receipts  minus direct  crop c o s t s  and b a s e d  on discounted returns ( a t  lO%/year)  from future income from 

citrus production. 

meet the  minimum nutritional cr i ter ia  of total  piotein 
in relation to calor ie  production (60 to  70 g per 
person per day) .  

T h e  high-profit plan (system 2) h a s  the  largest  
total  investment but a l s o  the h ighes t  internal  ra te  of 

a t  world market p i ices  ( a  potent ia l  14%). 
'The ieturn f rom the high-calorie sys tem will j u s t  
cover  the full c o s t  of production a t  a 9% c o s t  of 
inoney . 

At the  higher price leve l  of 30% above world 
market pr ices  the internal  ra te  of return i n c r e a s e s  

to  26% for the high-profit sys tem and 1% for the 
high-calorie sys tem.  

T h e  relat ionship between the pr ice  of water  and 
the internal  rate of return is shown graphically in  
F i g .  6 .8  for the world market and for the  30% above 
world market price levels .  

32See  sect .  3.10 for explanation and d i scuss ion  of t he  
term and T a b l e  3.4.3 in  Appendix 3A for economic factors  
used in  the computations.  
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At  world market pr ices  and with a n  internal  rate of 
return of lo"/,, the  maximum cost of water  could be  
approximately 9$/1000 gal for the  high-calorie s y s -  
tem, about  13$ for the mixed-crop s y s t e m ,  and about  
14$ for t h e  high-profit system. F o r  the 30% higher 
pr ice  l e v e l  the highest  permissible  water  costs per 
thousand gallotis a re  almost 22$ for the high-calorie 
s y s t e m  and about  27$ for the  high-profit system. 

E a c h  of the  three sys tems i s  a f i rs t  approxima- 
tion and could be  improved by cons ider ing  more 
al ternat ive ways  of using water  and by refining the 
mudels and c o s t  data. F o r  example,  a l l  three s y s -  
terns have  a four- or five-month consecut ive  period 
in the  fa l l  with water going into s torage ,  when it 

.... ~ . 

W0RL.D EXPORT PRICES \ 
30% HIGHER Pi i lCE LEVEL 

- -- 

is very l ikely that  a crop could be found to ut i l ize  
water profitably during t h i s  period. 

Other s y s t e m s  could be developed with different 
cr i ter ia  as  object ives .  For  example, a maximum- 
calor ie  model could be developed with investrtlent 
res t r ic t ions.  Another model could spec i fy  limita- 
t ions in foreign exchange or ref lect  greater  
incent ives  to ut i l ize  labor  and would be useful  in  
s p e c i f i c  s i tua t ions  or for comparison with the  three 
s y s t e m s  i l lustrated.  For  any given locat ion a spe- 
c i f i c  s tudy  would be required of the  l o c a l  s i tuat ion,  
including cl imat ic  and s o i l  factors ,  and supply and 
demand for capi ta l ,  labor and different foods,  before 
s e l e c t i n g  c rops  and determining the  acreages  of  
e a c h  grown. 

ORNL-DWG 68 - 3 2 5 1 ~ 3 f  

-. . . . .. 

70 25 30 0 5 10 15 
PRICE OF WATER ( { / I O 0 0  g a l )  

Fig. 6 . 8 .  Internal Rate of Return for the Three Cropping Systems os a Function of the Price of Water. 



7.1 I n t r o d u c t i o n  

T h e  combination of a nuclear  heat  source  and 
turbine generator with var ious industrial p rocesses  
i s  termed a nuclear industr ia l  complex. T h e  com-  
bination of the  above complex with a seawater  
desal t ing evaporator and a farm us ing  t h e  fresh 
water produced is defined as  a nuclear agro- 
industrial complex. In t h e  var ious economic 
ana lyses  d i s c u s s e d  in  t h i s  sec t ion ,  t h e  entire 
nuclear industr ia l  or nuclear  agro-industrial c o m -  
plex i s  considered as  a s ingle  economic unit. 
Capi ta l  investments ,  operating c o s t s ,  and a l l  
incomes were aggregated without any al locat ion 
of c o s t s  or incomes t o  the  various components. 
T h i s  avoids  t h e  problem of c o s t  income al locat ion 
within multipurpose plants ,  for example, dual- 
purpose desal inat ion reactors  producing power 
and water or brine e lec t ro lys i s  plants  producing 
caus t ic  and chlorine. 

T h e  purpose of t h i s  chapter  of t h e  report i s  the 
detai led presentation and d iscuss ion  of resu l t s  
for t h e  varied nuclear-powered complexes analyzed 
during t h e  course of t h i s  s tudy.  For nuclear 
industrial complexes,  comparisons a r e  made on 
the b a s i s  of reactor technology, number of reactors  
per s ta t ion,  and power requirements for t h e  com- 
plex; nominal 500, 1000, and 2000 Mw(electrica1) 
s i z e s  ate d iscussed .  In addition, for nuclear agro- 
industrial complexes., the  effect  of evaporator 
technology and t h e  use of b y p a s s  s team for water 
production (eliminates the  need for a n  assoc ia ted  
industry t o  u s e  power) are examined. Superimposed 
on  t h e s e  comparisons ar2 t h e  e f fec ts  of United 
S ta tes  v s  foreign construct ion,  variation in  product 
mix, and two different product price leve ls ;  for 
non-United S t a t e s  complexes only, two pr ice  
leve ls ,  representat ive of products produced for 
domestic sale or for export to the world market, 
were used.  

7.2 Use o f  Bui lding Block In format ion  

Previous s e c t i o n s  of the  report have presented 
direct operat ing c o s t s  as a function of power c o s t  
for individual industr ia l  p rocesses  and also t h e  
direct operating c o s t s  as a function of water c o s t s  
for different agricultural crops.  To t h e s e  were 

added the  indirect c o s t s  based  on capi ta l  invest-  
ment a t  var ious c o s t s  of money to obtain total  
manufacturing c o s t  of t h e  f inal  product. T h e s e  
da ta  have  hyen labeled as  “building block” 
information. T h i s  sec t ion  descr ibes  t h e  u s e  of 
those  d a t a  i n  arriving at  an economic evaluat ion 
of a nuclear-powered complex. 

Operating cost d a t a  for nuclear  indiistrial corn- 
plexes are obtained by deduct ing the  variable 
c o s t s  of power, water, and steam and t h e  indirect 
c o s t s  assoc ia ted  with investment from the operat- 
ing c o s t s  of the  industrial complexes descr ibed 
in detai l  in a companion rep0rt.I T h u s  t h e  only 
items included in t h e  operating c o s t  of the  in- 
dustr ia l  portion of a complex for purposes  of the  
economic ana lys i s  a r e  c o s t s  of raw mater ia ls ,  
maintenance mater ia ls ,  miscel laneous operating 
suppl ies ,  labor, and overhead. 

Working capi ta l  for complexes is computed as 
the  va lue  of four months’ operat ing costs for t h e  
entire complex, including the  reactor. T h i s  is i n  
contrast  t o  t h e  u s e  of 60 days’  operat ing c o s t s  a t  
gross  manufacturing c o s t  for individual  p r o c e s s e s  
in  Chap. 5,  Industrial P r o c e s s e s .  T h e  reason for 
th i s  difference is tha t  power c o s t s  are not included 
as an operating cos t  in  t h i s  sect ion,  while they a re  
included in  t h e  industr ia l  complexes and building 
block processes  descr ibed in Chap. 5. 

‘The c o s t s  of raw mater ia ls  and the wholesale  
pr ices  assumed for all products of nuclear-industrial 
complexes are  l i s ted  i n  T a b l e  5.9. T h e s e  pr ices  
were used  in  all economic a n a l y s e s  of t h e s e  
complexes. 

7.2.2 Agricoltvral Complexes 

Agricultural crop bui ldirig block operat ing c o s t  
da ta  are summarized in  T a b l e  6.6. However, t o  
determine t h e  economics of nuclear agro-industrial 
complexes,  i t  w a s  necessary  t o  deduct  the  var iable  
c o s t s  assoc ia ted  with water a d  the  c o s t  of fertilize1 

’ € I .  E. Goeller,  T a b l e s  for Computing Manufacturing 
Costs of Industrial Products in an Agro-Zndustrial Com- 
plex, ORNL-4296 (to be published).  
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nitrogen and P,O, from the  operat ing c o s t s  shown 
in t h e  table .  T h e  to ta l  operat ing c o s t s  after t h e s e  
deduct ions are  l i s ted  in No. 13 of Appendix 7B. 
T h e  fer t i l izers  needed for t.he f a r m  a r e  produced by 
the  industr ia l  complex and deducted from the annual  
sales according t o  crop acreage  and crop usage a s  
l i s ted  i n  T a b l e  6.5. 

industr ia l  complex and produced within the complex 
are  deducted from t h e  annual  sales of t h e  complex. 
For example, t h e  treatment of seawater  to prevent 
sca l ing  of  heat  transfer s u r f a c e s  in  t h e  evaporator 
requires t h e  u s e  of about  290,000 tons  of chlor ine 
per year (for 1000 Mgd of fresh water) us ing  t h e  
hydrochloric ac id  scale-prevent ive process  (see 
Sect. 5.3.3). If the complex produces these (:hem- 
ica ls ,  t h e  annual  sales a r e  reduced by th i s  amount. 
In cases where the  complex d o e s  not manufact.ure 
the chemical ,  it would b e  purchased from outs ide  
at t h e  pr ice  l i s ted  in T a b l e  5.9. 

All d i s c u s s i o n s  of t h e  economics of nuclear  
agro-industrial complexes a r e  based  on  t h e  u s e  of 
the high-profit f s m  (Chap. 6, T a b l e  6.18). Crop 
acreages  and capi ta l  c o s t s  are linearly s c a l e d  
according to t h e  water plant output assumed (water 
plant output needed for this farm i n  Chap. 6 is 
1OOQ Mgd). T h e  gross rece ip ts  and uni t  p r ices  
assumed for all crops a r e  l i s ted  in T a b l e  6.7. 

Any chemicals  needed by t h e  nuclear  agro- 

7.3 Carnponents of Nuclear Industrial 
and Nuclear Agro-Industrial Complexes 

T h i s  sec t ion  d e s c r i b e s  the  methods u s e d  i n  
determining capi ta l  c o s t s  and sizes of t h e  var ious 
components of nuclear  industr ia l  arid nuclear agro- 
industr ia l  complexes.  ’The s i z i n g  of the  nuclear  
heat  s o u r c e  is descr ibed briefly, with more com- 
p le te  d e t a i l s  l i s t e d  i n  Appendix 7A. Seawater  
treatment fac i l i t i es  and grid t.ransmission l i n e s  
and switchyards a re  d i s c u s s e d  briefly. The i tems 
included i n  harbor improvement a r e  l is ted.  Allowance 
for a town is included only for nuclear  agro-indus- 
trial complexes s tud ied  for non-United S t a t e s  
locat ions.  

7.3.1 Reactor and Evaporator Sizing and C o s t s  

T h i s  sec t ion  out l ines  t h e  methodology involved 
in sizing the nuclear  reactor and t h e  evaporator to 
produce the  power and water needed for a particular 

complex. A more complete  discussion of t h e  eyua-  
tions involved c a n  b e  found in Appendix 7.4. Load 
fac tors  on reactors  and evaporators  ate assumed 
to be  90%, and t h e  nuclear  h e a t  source is s i z e d  
to  produce the peak load. ‘[‘his high load factor 
is just i f ied,  s i n c e  a large power consumer is 
close coupled to the  reactor ,  and t h e  power dernand 
is qui te  cons tan t  with time. However, grid power 
is assumed to have  on-stream load fac tors  of only 
80%. T h e  reactor i s  s i z e d  to  produce the peak 
demand of the  industr ies  and farm (if included). 
Auxiliary reactor and turbine power, evaporator 
pumping power, and thermal e f f ic ienc ies  a re  tabu- 
lated for light-water reactors ,  liquid-metal f a s t  
breeder reactors ,  and molten-salt thermal breeder 
reactors  i n  T a b l e  7A. l .  

F o r  a nuclear  industr ia l  complex (no evaporator 
or farm), the  computations a r e  re la t ively s t ra ight-  
forward, s i n c e  t h e  only input needed is t.he cz lec: -  
t r ical  power output and type of reactor. F ~ i l l y  
condensing turbine generators  are used  with ex- 
haus t  s team condi t ions of YPF and 2 in. W g  
absolu te  pressure.  After determining reactor 
heat load i n  thermal megawatts  [.Appendix 7A,  
Eqs. (12) and (16)], the capi ta l  cost is determined 
using t h e  cost d a t a  from Appendix 4A.  

A nuclear  agro-industrial complex requires  t h e  
addition of a n  evaporator with i ts assoc ia ted  h e a t  
and power requirements and additional electric 
power needed to  operate  t h e  farm irrigation system. 
Water and power are normally obtained a t  the  
optimum condi t ions,  namely, f u l l  back-pressure 
operal.ion of t h e  turbine with no bypassing of 
prime steam. Under t h e s e  condi t ions of operation, 
t h e  e lec t r ica l  outputs OF light-water arid f a s t  
breeder reactors  ace somewhat  different. To permit 
comparisons between reactor types,  water  output 
w a s  iiiaintairied cons tan t ,  f.!irbines were operated 
under full back-pressure condi t ions,  industr ia l  
powet w a s  maintained cons tan t ,  and grid power 
w a s  allowed t o  f loat  to t a k e  up any difference i n  
e lec t r ica l  power output between reactor types ,  To 
prevent s a l e s  of grid power f rom influencing the  
overall economics of a complex, t h i s  power was 
assumed to be s o l d  a t  i t s  incremental c o s t  with 
an added factor for recovery of all production 
c o s t s ,  including t ransmission,  For light-water 
reactors  t h e  incremental cost: of power with an 
added factor for recovery of a11 production c o s t s ,  
including an  allowancte for t ransmission,  was; 
es t imated t .0 b e  3.4 mills/kurhr and f o r  ihe advanced 
breeders ,  2.0 mills/kwhr (see Chap. 4). T h e s e  
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power pr ices  will resul t  in t h e  complex not recover- 
ing a l l  production c o s t s  a t  internal ra tes  of return 
higher than about 10% (see F i g s .  4.2 and 4.5). T h e  
economic effect  of operating a nuclear  agro-indus- 
t r ia l  complex under other than  optimum conditions 
w a s  evaluated by us ing  some b y p a s s  s team in  evap- 
orator operation f o r  s o m e  cases. T h i s  w a s  done to  
eliminate the  large block of grid power made 
necessary  when a f a s t  breeder powered evaporator 
operated with back-pressure s team produced the  
same amount of water as an evaporator powered 
by a light-water reactor. 

Calculat ion of the  to ta l  thermal load of the 
reactor for a n  agro-industrial complex requires as 
inputs the  to ta l  water requirements in  millions of 
gal lons per day  (Mgd), the type of evaporator 
technology [multistage f lash  (MSF) oi vertical- 
tube (VTE) evaporators], the  irrigation pumping 
power i n  megawatts (related t o  water requirements; 
see Appendix 7 3 ,  footnote 2), and t h e  grid power. 
Water plant  output, reactor s team condi t ions 
(type of reactor), and total  e lec t r ica l  power require- 
ments determine t h e  needed mix of back-pressure 
and condensing turbines .  Turbine-generator- 
condenser  capi ta l  c o s t  d a t a  (Appendix 4A) are 
broken down, with turbine-generator costs shown 
separa te  f r o m  condenser  c o s t s .  T h i s  a l lows  some 
latitude i n  the  mix of back-pressure and condensing 
turbines. 

Evaporator c o s t s  are  based on two somewhat 
advanced technologies ,  multistage f lash  and rnulti- 
effect vertical-tube evaporators .  Recent  design 
changes in  MSF evaporator plants ,  s u c h  as  s tacking  
brine t rays  ver t ical ly  (up to eight  leve ls )  and con-  
s t ruct ing the  evaporator s h e l l  of concre te ,  have  
resul ted in considerable  reduction in the capi ta l  
c o s t s  of t h e s e  plants .  Other c o s t  reduct ions were 
made by improvements in  the h e a t  recovery sys tem.  
Capi ta l  c o s t s  of t h e s e  evaporators  range f r o m  36g: 
to 42g/gpd (without interest  during construction). 

The  YTE is a more advanced des ign  than the  
MSF and less cos t ly ,  with c a p i t a l  c o s t s  es t imated 
to b e  25q t o  32q/gpd. One of i t s  main advantages 
over t h e  MSF process  is t h e  reduction in  auxiliary 
pumping. An MSF evaporator producing 500 Mgd 
of f resh water h a s  a des ign  power requirement of 
172 Mw; a VTE of t h e  s a m e  capac i ty  would require 
only 71 M w .  One of t h e  more notable improvements 
in the  des ign  is the u s e  of double-fluted tubes  in  
the evaporator tuhe bundles. 

Operation and maintenance c o s t s  for reactor and 
turbine-generator---condenser i s lands  are  d i s c u s s e d  

in Appendix 4A. Reactor  opepation, maintenance, 
and nuclear  insurance are computed as a function 
of t h e  to ta l  thermal output (in megawatts) and the  
number of reactors  per s ta t ion .  Operation and 
maintenance of t h e  tiarbine-generator-condenser 
island is computed as a function of e l e c t r i c  power 
output (in megawatts). Operation and maintenance 
c o s t s  of evaporators  are  determined a s  a function 
of t h e  capi ta l  c o s t  of t h e  evaporator, as shown i n  
Appendix 4 A .  

7.3.2 S ~ Q W C ~ ~ W  Chemical Treatment Costs  

A s  d i s c u s s e d  in  Sect. 5.5.1 of Chap. 5, seawater  
chemical  treatment c o s t s  are a n  important part of 
the production of desa l ted  water by dis t i l la t ion,  
T h e  fac tors  involved i n  s c a l e  formation on evsp-  
orator tubes  were d i s c u s s e d  along with currently 
used and proposed methods of minimizing or 
preventing i t s  formation. T h e  method currently 
in  u s e  is t h e  addition of sulfuric acid to raw 
seawater  followed by deaerat ion to evolve carbon 
dioxide. Sulfuric acid seawater  treatment i s  not 
included in  t h e  economic s t u d i e s  of nuclear agro- 
industrial complexes;  however, costs and the  
amount of acid needed t o  t reat  seawatar  are  d is -  
cussed  in  Appendix 71-3. 

When a caust ic-chlor ine plant is included a s  a 
part of the  complex, seawater  used i n  the  nuclear 
desal inat ion plant c a n  b e  pretreated with hydro- 
chloric acid,  c a u s t i c  s o d a ,  or both (equimolar 
treatment). When hydrochloric acid treatment is 
specif ied i n  p lace  of t h e  traditional method of 
sulfuric acid addition, t h e  only auxiliary equip- 
ment needed is a recombiner t o  make t h e  acid 
from hydrogen and chlorine; when c a u s t i c  t reat-  
ment is specif ied,  a clar i f icat ion sys tem is 
needed to separa te  and recover t h e  calcium 
carbonate  precipitate. It is est imated that  t h e s e  
treatments permit rriaximum evaporator brine tem- 
peratures  of 272 and 294OF respect ively;  however, 
the maximum evaporator temperatine assumed for 
th i s  report is 260°F. In equimolar treatment, 
hydrochloric ac id  is used  to t rea t  one-half of 
the seawater ,  and c a u s t i c  s o d a  i s  used  for t h e  
balance. For t h i s  c a s e ,  both a recombiner and 
a clar i f ier  sys tem are required, but  only one-half 
of t h e  size used  for ei ther  a l l -ar id  o r  a l l -base 
treatment. T h e  equimolar treatment a l lows  e s t i -  
mated br ine temperatures up t o  283O1;'. In all. 
cases t h e  c a u s t i c  concentrator i s  s i z e d  for t h e  
capac i ty  of t h e  caust ic-chlor ine plant, regardless  
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of the amount of c a u s t i c  u sed  for s eawa te r  treat-  
rneni. This  is conservat ive,  s i n c e  c a p i t a l  is 
allocated for concentrat ing all the cat is t ic ,  although 
the portion used in seaware r  treatment need not b e  
concentrated.  Sizing and costs of seawa te r  t reat-  
ment equipment needed for the  var ious caus t ic -  
chlorine t reatments  are  d i scussed  i n  Appendix 
713. 

7.3.3 Grid Connection Costs  

To provide reliabil i ty when only one  reactor i s  
assumed, it was necessa ry  t o  add the capi ta l  
investments  needed f o r  the  s a l e  of power to a grid 
or for a grid-tie interconnection. The c o s t  and 
explanat ion of facilities included are shown i n  
Appendix 713. 

7.3.4 Harbor Costs 

The costs of harbor f a c i l i t i e s  include harbor 
improvements and administration. In general ,  
improvements include two- and four-position 
docks; dredging, assuming the p resence  of a 
bottom cons i s t ing  of half sand and half rock; 
breakwater to shield t.he docks;  and tan.ker mooring 
and :;ubmarine fuel  l ines .  Harbor administration 
consists of an administration building, harbor f i re  
s ta t ion,  arid miscel laneous v e s s e l s .  Raw material 
unloading and p:oduct loading fac i l i t i es  are  included 
in the cost of of€-site fac i l i t i es  for t h e  complex. 
‘The c o s t s  a s soc ia t ed  with t h e  above fac i l i t i es  
are d i s c u s s e d  moue fully in  Chap. 8. 

3.3.5 Town 

A town W B S  provided only for nuclear  agro- 
industr ia l  complexes a t  lion-United S t a t e s  loca-  
t ions.  Detai ls  of s i z e  and capi.tal investment are: 
outlined in  Appendix 713. 

7.3.6 Nucl ear-Powered Cornpl ex Assembly 
P roc edo re 

Appendix 7 8  i s  a s tep-by-step procedure out- 
l ining t h e  i tems necessa ry  t o  geiierate an ana lys i s  
of a nuclear industr ia l  or  nuclear  agro-industrial  
complex. Information is provided by reference to 
other sec t ions ,  or equs t ions  are shown direct ly  in 
the procedures.  

7.4 Cornparison o f  Results 
from Several Complexes 

Resul t s  of economic a n a l y s e s  for different com- 
p l exes  are  d i scussed  in terms of iiite~nal ra tes  of 
rel.urn and their  net  annual beneEits at var ious c o s t s  
of money (d i scussed  in Chap,  3 ) .  This  d i scuss ion  
is broken into two par ts ;  t he  f i rs t  part compares 
resu l t s  obtained for nuclear industr ia l  complexes,  
while the second part d i s c u s s e s  resu l t s  for various 
nuclear agro-industrial  complexes.  Sonic of t h e  
major ob jec t ives  are: 

1. 

2. 

3 .  

4. 

5. 

6. 

to s tudy the  s c a l i n g  effect of the  nuc:lear heat  
source on capi ta l  c o s t s ,  

to compare reactor technologies ,  

to determine t h e  effect of varying product mix, 

to assess the economic benefi1.s c)r penal t ies  
associatcid with construct ion oritside t h e  United 
S ta tes ,  

to indicate  t h e  sens i t iv i ty  of the  economic 
ana lys i s  t o  changes  in capi ta l  costs and 
product pr ices ,  

t o  siiow the economic effect of subst i tut ing a 
one-reactor s ta t ion  for a multiple-reactor s t a -  
tion. 

T w o  price leve ls  w e r e  assumed for industrial  
products from non-1J.S. complexes;  t h e s e   ere 
ca l led  “domestic” and “world market” prices.  
The  former represent  pr ices  paid in a developing 
country,  whereas  !he lat ter  were assumed to be 
the same  as United S ta tes  pr ices .  Th i s  s a m e  plan 
was followed for the  agricultural  products,  with 
the domestic pr ices  cons i s t ing  of the price paid to 
farmers in exporting nat ions plus  transportation 
and handling c o s t s  for shipping about 7500 miles.  
’I’he la t ter  costs amount approximately to an 
additional 30% above the  exporting farmer’s  
price.  Industrial  product pr ices  are given i n  
Tab le  5.9, and agricultural  product pr ices  are 
l i s ted  in Tab1.e 6.7. 

7.4.1 Nuclear I n d u s t r i d  CampSexes 

Comparison of Reactor Technologies and United 
%to+es vs  Foreign Construction. - A summary of 
individual plant ir ivestments,  raw material  inputs,  
product outputs,  and e lec t r  ic power requirements 
is shown In T a b l e  7.1 for a nominal 2000 Mw(e1ec- 
t r ical)  industr ia l  complex producing ammonia; 
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elemental  phosphorus; aluminum s h e e t ,  plate ,  and 
wire; and caust ic-chlor ine.  F o r  a m o r e  complete 
l i s t ing  of raw material c o s t s  and prodiict pr ices ,  
r e f e r  to  T a b i c  5.9. Note tha t  t h e  l i s ted  power 
requirements a re  for e a c h  process  a lone.  When ammonia production a re  reduced somewhat. From 
complexed, some reduction in  power usage  is pos- 

s i b l e  b e c a u s e  of integration. For example,  by- 
product hydrogen f rom brine e lec t ro lys i s  is coiii- 
bined with hydrogen from water e lec t ro lys i s ,  arid 
thus  capi ta l  investment and power usage  for 

a 1000-tonjday chlorine plant, hydrogen equivalent 

T a b l e  7.1. D a t a  Summary for a 2000 Mw(Electr ica1)  Industrial  Complex (Product  M i x  I )  

A. f a c i l i t i e s  

Faci l i ty  

Capj ta l  
E lec t r ic  Power Investment 

. ..... 
(mill ions of S ize  (tons) 

P e r  Day Per Year 
~ .................... ___- 

Megawatts dol lars)  
Kilowatt-Hours 

per Ton 
U.S. Foreign 

Product 
Ammonia 3000 1,040,250 8300 1037 
Elemental  phosphorus 1120 380,184 12,300 574 
Aluminuma 514 1 8 i , 6  10  14,4 00 308 
Chlorine 1000 346,750 3 ,200  133 
Caus t ic  1130 391,828 100 4 b  

Off- s i t e s  

Tota l  
....... ......... .- .- ~. ................... .... . 

El. Maiar Raw Mater ia ls  

62.5 69 .1  
56.6 62.3 

301.3 323.3 
18.5 20.7 

C 6.2 
24.8 27.6 

463.7 509.3 
-. ...... _____ 

Raw material 
Requirement 
( tons jyear )  

Phosphate  rock 
Coke 

Silica gravel 

Railxite 

Sa l t  

x 106 

3.3 
0.5 

1.0 

0.8 

1.3d 

Cos t  (do l la rs i ton)  

U.S. Foreign 
.......... ~- ~~~. .__ 

9.60 19.00 

17.00 17.00 

1.00 1.00 

8.00 5.50 

3.00 3.00 

c. E m p l o y i n e n t  
.................... ......... ~- ~~ ~ .. ......... 

U.S. Installation Foreign Installation 

Tota l  employees 2900 8800 
.................... ~ ~ ......... . - . - - .... 

a- 

bPower  required for caus t i c  concentrator only. 
‘Caustic is currently in oversupply in the United S ta tes ;  therefore  this product is given no value,  and 

P ac i l i t i e s  inc lude  alumina refining plant, aluminum smelting, and fabrication plant. 

faci l i t ies  for i t s  production are  not included, in  United States complexes.  
the absence  of caus t i c  concentration; i f  concentrator is present,  s a l t  requirements are halved. 
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L 

to 143 t o n s  of ammonia per d a y  is produced as  a 
by-product. 

An economic ana lys i s  of the complex is sum- 
marized i n  T a b l e  7 .2  for th ree  different reactor 
technologies ,  and a United S t a t e s  locat ion is 
compared wit.h a foreign location. Note that  t h e  
tabulated d a t a  a r e  independent of t h e  cost of 
moriey until,  near t h e  bottom of t.he tab le ,  t h e  
economic appra isa l  is l i s ted .  Since the  magnitude 
of t h e  in te res t  charges  during construct ion depends  
on the  annual  c o s t  of money to be determined, t h e  
l i s ted  capi ta l  expendi tures  d o  not include in te res t  
charges  during construction. 

Interest  during construct ion is given i n  footnote 
h in t h e  tab le  for the  LWH cases computed by t h e  
method d i s c u s s e d  i n  Appendix 3A.  The annual  ne t  
benefi ts  l i s t e d  represent  the  uniform annual dif- 
ference between income and all e x p e n s e s  - both 
operat ing and charges  aga ins t  investment. ‘The 
net annual  benefi ts  a re  thus  t h e  “profi ts”  before 
t a x e s ,  insurance,  and s e l l i n g  expenses .  T h e  
annual  e x p e n s e s  attributed to investment  depend 
on t h e  cost. of money ( interest  rate), from which 
the in te res t  charges  during coristruction and t h e  
annual  cost of investment  recovery or replacement 
are  calculated.  ‘The annual  c o s t  of recovery of 
investment i s  ca lcu la ted  using the  s ink ing  fund 
concept ,  corrected for s a l v a g e  value.  Because  
replacements t o  infinity a r e  included in  the  
ana lys i s  , the  ca lcu la ted  annual  net  benefi ts  
cont inue indefinitely. 

to  require a considerable  increase  in  capi ta l  
expendjture over t h e  light-water reactor  ($68 
million i n  T a b l e  7.2)’ t h e  additional return s e e m s  
to b e  well worth t h e  expense .  T h e  incremental 
return on t h i s  addi t ional  c a p i t a l  is about  20% a t  a 
c o s t  of money equal  to 10%/year I(24.0 - 10.1)/ 

Although the fast breeder reactor is est imated 

(880.4 - Sl2.O)l. 
‘The chief advantage of t h e  thermal breeder reactor 

over the  fast breeder is the  d e c r e a s e  in capi ta l  
expendi tures ,  mainly b e c a u s e  of t h e  reduction in  
fuel  inventory with cont inuous reprocess ing  of t h e  
molten s a l t  containing t h e  fuel. Calcu la ted  annual  
net  benefi ts  for t h e  two advanced breeder reactors  
a re  very nearly the  same;  however, t h e  est imated 
overall c a p i t a l  c o s t s  a r e  reduced by about $90 
million in  t h e  case of t h e  thermal breeder reactor. 
Note also that  t h e  va lue  of bred fuel  is much 
higher for t h e  f a s t  breeder b e c a u s e  of i t s  higher 
breeding ratio. 

T h e  comparison of a complex located in the  
United S ta tes  with one  located i n  a non-United 
S t a t e s  country ind ica tes  a cons iderable  advantage 
for the  la t ter  if the  products a r e  intended for 
domest ic  markets. Although c a p i t a l  expenditure 
i s  about  15% higher (including interest  during 
construct ion) for the non-United S t a t e s  complex, 
the internal  r a t e s  of return and n e t  annual  benefi ts  
are much more a t t rac t ive .  T h i s  is due  to  higher 
sales value (Table  5.9) of products intended for 
the domest ic  market of a developing nation. 
However, i f  t h e  products a r e  intended for export 
t rade,  they must meet world pr ices  in order t o  
compete for markets, and i n  t h i s  s i tua t ion  the  
internal  r a t e s  of return drop to about 70% of t h o s e  
for United S t a t e s  complexes.  

F o r  t h o s e  a r e a s  where the  products a r e  i n k n d e d  
for internal  consumption, addi t ional  benefi ts  would 
be gained b e c a u s e  of reduct.ions in foreign exchange 
requirements, which a r e  usua l ly  c r i t i ca l  in  develop- 
ing countr ies .  However, t h e s e  addi t ional  benefi ts  
were not ass igned  a monetary value for economic 
evaluat ions in  t h i s  report. 

B e c a u s e  of the highly capi ta l - intensive nature of 
the aluminum industry,  as shown in Table 7.1, a 
complex without t h i s  product w a s  considered.  
T a b l e  7.3 l i s t s  c a p i t a l  inves tments ,  products, 
and raw mater ia ls  for s u c h  a complex. T h e  produc- 
tion of elemental  phosphorus and chlor ine-caust ic  
w a s  increased t o  maintain about  t h e  s a m e  to ta l  
usage  of e lec t r ic  power, and thus  the  same reac-  
tors were used  for t h i s  complex as were used for 
the complex with aluminum (Table  7.2). T h e  
economic summary for t h i s  complex is shown in 
Table  7.4. Note t h e  s tab i l iz ing  e f fec t  of the  
increased capi ta l  investment  for complexes in- 
c luding  aluminum when the  world export price 
leve l  is appl ied to product sale. For domest ic  
pr ices  t h e  internal  ra tes  of return are about  t h e  
s a m e  with and without aluminum; however, for 
product s a l e  a t  world market price leve ls ,  t h e  
d e c r e a s e s  in  t h e  intetnal  rates of return were 
about 15 to 20% less for the  more  capi ta l - intensive 
complexes (see T a b l e s  7.2 and 7.4). ’ rhe  LWH- 
powered complex without aluminum probably could 
not compete  on the  world market, s i n c e  its internal  
ra te  of return of 4.5% is l e s s  than the  cost of 
money i n  most cases. However, to  rea l ize  the  
apparent economic returns noted for domest ic  
s a l e s ,  it  would b e  necessary  to determine that 

Effect of Eliminating Production of Aluminum. - 
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Table 7.2. Economic Anolysis o f  a 2000 Mw(Electricn1) Nuclear lndustrial Coinplex Comparing Reactor 
Technologies and United States v s  Foreign Construction 

See Table 7.1 for product mix 

Industrial power, a Mw 
Grid pow-r, Nw 
Total electric power, Mw 
Station size, Mw(therma1) 
Number of reactors 
Technology 
Cost basis 

Investment, millions of dollars 
Nuclear island 
Fuel processing plant 
Turbine-generator---condenser island 
Industrial complex 
Harbor 
Grid tie facilities 
Fuel inventory 
Working capital 

Totalb 

Annual operating costs, millions of 
dollars 
Nuclear island 
Fuel cycle 
Turbine-generator island 
Industrial complex 

’l’otal 

V a h e  of products (income), 
millions of dollars per year 
Credit for fissile material 
Electricity to grid 
Industrial products 

Total 

Economic appraisal 
Annual net benefits,e millions of 
dollars per year 
i : 2.5% 
i = 5% 
i = 10% 
i = 2 0% 

Internal rate of return, % 
Domestic market prices 
World market prices 

2044 
56 

2100 
6800 

2 
LWK-NT 
U.S. 

106.5 

120.2 
463.7 

23.9 
3.7 

42.9 
51.1 

812.0 

2044 
56 

2100 
6100 

2 
F U R  
u. s. 

156.0 

90.9 
463.7 

23.9 
3.7 

97.4 
44.8 

880.4 

2044 
56 

2100 
4900 

4 
TBR 
U.S. 

124.2 
9.8 

88.9 
463.7 

23.9 
3.7 

37.7 
43.7 

795.6 

2048 
52 

2100 
6800 

2 
LWK-FIT 
Foreign 

119.3 

134.6 
509.3 

23.9 
3.7 

42.9 
56.6 

890.3 
............ 

2048 
52 

2100 
6100 

2 
F RR 
Foreign 

174.7 

101.8 
509.3 
23.9 

3.7 
97.4 
50.2 

961.0 
-~ 

20 48 
52 

2100 
4900 

4 
TBR 
Fore 1 gn 

139.1 
11.0 
99.6 

509.3 
23.9 

3.7 
37.7 
49.2 

873.5 

2.3 1.6 1.7 2.3 1.6 1.7 
23.3 5.1 2.2 23.3 5.1 2.2 

0.8 0.7 0.7 0.8 0.7 0.7 
125.9 125.9 125.9 142.2 142.2 142.2 

152.3 133.3 130.5 169.2 150.2 144.6 
~ ..... ....... .- 

4.1 8 . 2  1.4 4.1 8.2 1.4 
1.SC 0. 8 d  0.8d 1.4c 0.8d 0.8d  

257.5 257.5 257.5 342.2 342.2 342.2 

263.1 266.5 259.7 347.7 351.2 344.4 
- _ _ _ _ _ -  -~ 

63.7 
47.2 
10.2 

-81.7 

11.4 

81.9 
64.0 
24.0 

-75.4 

12.9 

82.6 
66.5 
30.2 

-59.9 

14.1 

126.6 
107.0 
63.9 

---50.3 

16.1 
7.7 

145.8 
124.8 
78.5 

-44.1 

16.8 
9.4 

145.7 
126.4 
84.2 

-2 8. 1 

18.0 
10.2 

aForeign industrial power is slightly higher due to addition of  caustic concentrator. 
bWithout interest during construction; for example, for a time value of money equal to l0Yo, one iiiust add 

about $62 million and $110 million, respectively, to the total United States and foreign investments shown 
for LWR-NT. 

‘Valued a t  3.4 inills/kwXr. 
dValued a t  2.0 mills/kwhr. 
eBenefits are after allowance for interest during construction and assume domesti<- market price levels 

for products. 



an adequate  market e x i s t e d  for t h i s  large product 
volume. Market s u r v e y s  and a n a l y s e s  for spec i f ic  
a reas  a re  required before a rea l i s t ic  picture  oE t h e  
economic benefi ts  of a n y  particular product mix 
c a n  b e  obtained. 

Ef fec t  o f  Number of  Reactors per Station. - T h e  
economic effeci of t h e  number of reactors  per s t a -  
tion w a s  examined for a 1050 Mw(electrica1) 
nuclear industr ia l  complex us ing  a f a s t  breeder 

reactor. T h e  industr ia l  output was 50% of that  
shown for the  complex l i s ted  i n  Table  7.1. 'The 
capi ta l  investment i n  the nuclear  power s ta t ion  
was  reduced by 18% for t h e  one-reactor s ta t ion,  
while the  annual  operat ing c o s t s  were reduced by 
$0.6 million. T h e s e  fac tors  resul ted i n  an increase  
in the  internal ra te  of return from 8.9% for the two- 
reactor s ta t ion  t o  9.6% for t h e  one-reactor s ta t ion ,  
both on a United S t a t e s  basis. It w a s  concluded 

Table 7.3. Summary o f  D a t a  for 2000Mw(Electrical)  Complex Without Aluminum (Product  Mix  V I )  

A. F e c i l i t i e s  

Fac i l i t y  

Cap i t a l  
E lec t r i c  Power Investment 

(mi l l i ons  of 
dol lars)  Tons/Day Tons/Year  per Ton ........................... 

U.S. Foreign 

-_ Size 
Kilowatt-Hours - 

Megawatts 
- 

Product  
Ammonia 3080 1,067,990 8300 1065 61.9 68.4 

Elemental  phosphorus 1500 509,175 12,300 769 7.3.6 81.0 
Chlorine 2000 693,500 3200 266 32.9 06. a 
C a u s  t i c  2260 783,655 100 9" h 10.6 

Off - si t e  s 18.2 20.2 

Tota l  156.6 217.0 
.......... __ 

B. Major Raw Materials 

Raw mater ia l  
Requiremeti t 
( tons /year) 

Cost (dollars/ton) 

U.S. Foreign 

Phospha te  rock 
Coke 
Silica gravel 

x 106 

4.4 

0.7 
1.3 

9.60 19.00 

17.00 17.00 

1.00 1.00 

Salt  2.6' 3.00 3.00 
._ ... -. - 

C. Employment 

U.S. Instal la t ion Foreign Instal la t ion 

To ta l  employees 630  1900 

*Power required for caus t i c  concentrator only. 
'Caustic is currently in  oversupply 111 the United States;  therefore this  product IS given no v a l u e ,  and 

'In the  absence  of caus t i c  concentration; i f  concentrator is present,  s a l t  requirements a re  halved. 
faci l i t ies  for its production a re  not  included, m United S ta t e s  complexes.  



Table 7.4. Economic Analysis  o f  a 2000 Mw(Electr ica1)  N u c l e a r  Industrial  Complex Comparing 

Reactor Technologies and U n i t e d  States vs Foreign Construction for Industry Without Aluminum 

See Table 7.3 for product mix 

Industrial power, a M w  

Grid power, M w  

Total electric power, Mw 
Station size, Mw (thermal) 
Number of reactors 
Technology 
Cost basis 

Investment, inillions of dollars 
Nuclear island 
Fuel  processing plant 
Turbine-generator-condenser island 
Industrial complex 
Harbor 
Grid-tie facilities 
F u e l  inventory 
Working capital 

Total 

Annual operating costs,  millions of 
dollars 
Nuclear island 
Fuel cycle 
Turbine generator island 
Industrial complex 

Total 

Value of products (income), mi l l ions  of 
dollars per year 
Credit for fissile material 
Electricity to grid 
Industrial products 

Total 

Economic appraisal 
Annual net benefits, e mil l ions  of 
dollars per year 
i 2 2.5% 
i :: 5% 

i = lW0 
i 2 20% 

Internal rate of return, Yo 

Domestic market prices 
World market prices 

2017 
83 

2100 
6800 

2 
LWR-NT 
U.S. 

~ 

10G.5 

120.2 
186.6 

23.9 
4.6 

42.9 
35.8 

2017 
83 

2100 
6100 

2 
FBK 
u. s. 

156.0 

90.9 
186.6 
23.9 
4.6 

97.4 
29.5 

2017 
83 

2100 
4900 

4 

~ 

TRR 
U.S. 

124.2 
9.8 

88.9 
186.6 
23.9 
4.6 

37.7 
28.8 

2026 
74 

2100 
6800 

2 
LWK-N1' 
Foreign 

~ 

119.3 

134.6 
217.0 

23.9 
4.6 

42.9 
50.0 

520.5 

2.3 
23.3 
0.8 

83.3 

109.7 
- . . . . . . . 

4.1 
2.2c 

183.3 

189.6 
- ....... ~ 

52.0 
41.2 
16.7 

4 5 . 6  

13.1 

588.9 

1.6 
5.1 
0.7 

83.3 

90.7 
~ 

8.2 
1.3d 

183.3 

192.8 
~ 

71.1 
58.8 
31.3 

-38.5 

14.9 

504.4 

1.7 
2.2 
0.7 

83.3 

87.9 
- 

1.4 
1.3d 

183.3 

186.0 
~ 

70.8 
60.3 
36.6 

-24.0 

16.5 

592.3 

2.3 
23.3 

0.8 
122.6 

149.0 

4.1 
2.OC 

263.5 

269.6 

88.6 
75.6 
45.8 

-33.5 

16.3 
4.3 

. .... 

~ 

2026 
74 

2100 
6100 

2 

~ 

FER 
Foreign 

174.7 

101.8 
217.0 

23.9 
4.6 

97.4 
43.7 

2026 
74 

2100 
4900 

4 

~~ ~. 

' rm 
Foreign 

139.1 
11.0 
99.6 

217.0 
23.9 
4.6 

37.7 
43.0 

663.1 

1.6 
5.1 
0.7 

122.6 

575.9 

1.7 
2.2 
0.7 

122.6 

130.0 

8.2 
1.2d 

263.5 

127.2 

1.4 
1.2d 

263.5 

272.9 

107.7 
93.2 
60.2 

-27.3 

17.3 
7.1 

269.1 

110.5 
97.9 
68.8 
-8.5 

19.1 
8.0 

"Foreign industrial power is slightly higher due to addition of caustic concentrator. 
bWithout interest during construction; for exainple, for a time value of money equal to lO"i',, one must add 

about $47 million and $79 million, respectively, to the total IJnited States and foreign investment shown for 
1,WR-NT. 

'Valued a t  3.4 mills/kwhr. 
dValued at 2.0 mills,'kwhr. 
eBenefits arc after allowance for interest during construction and assume domestic market price  l e v e l s  

for products. 
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that t h i s  s m a l l  gain i n  profitability would probably 
not b e  worth t h e  loss i n  re l iabi l i ty  if dependence 
on a s i n g l e  reactor  w a s  required. 

Effect of Size on Complex Economics. - T h e  
beneficial  effect  of increased  size on  t h e  unit 
c o s t  of nuclear  power p lan ts  is well known and 
h a s  been thoroughly d i s c u s s e d  i n  var ious ref- 
erences.  ' Scal ing  factors  for industr ia l  plant 
investments  as a funct.ion of capac i ty  usual ly  
favor building plants  as large as possible .  tiow- 
ever, for near-term appl icat ions of t h e  concept  of 
combined nuclear  industrial complexes,  market, 
transportation, and f inancing considerat ions s u g -  
gested t h e  advisabi l i ty  of invest igat ing the  
economics of complexes consuming less than 
2000 Mw(electrica1). T h e  output l i s t e d  in  T a b l e  
7.1 for  t h e  2000-Mw complex including a n  aluminum 
industry w a s  s c a l e d  down to 25 and So"? to provide 
the nuc leus  of a 500 and a 1000 Mvr(electrica1) 
complex respect ively.  A summary of t h e  economics 
for a SOD-, 1000-, and 2000-Mw complex, United 
S ta tes  and foreign, is shown i n  T a b l e  7.5. 

7'0 provide for increased  rel iabi l i ty ,  a l l  com- 
plexes d i s c u s s e d  previously have  ut i l ized a two- 
reactor s ta t ion.  However, for t h e  500 Mw(e1ec- 
t r ical)  reactor, only R s i n g l e  reactor w a s  assumed 
sirice accura te  c o s t  d a t a  for smaller  reactors  were 
not avai lable .  To provide the  rel iabi l i ty  needed 
for t h e  aluminum industry (d iscussed  i n  Chap. 51, 
a grid-tie faci l i ty  c a p a b l e  of providing 80% of t h e  
power needed  for aluminum w a s  included for t h e  
single-reactor 500 Mw(electrica1) s ta t ion .  

T h e  net  annual  benefi ts  for t h e  United S t a t e s  
500-Mw complex as shown in T a b l e  7.5 appear 
unfavorable, with a n  internal  ra te  of return of only 
4.570, although it should be  recognized that  a 
relat ively large fraction of t h e  power (50%) is 
used to make ammonia, a relat ively unprofitable 
product. A complex having about t h e  s a m e  power 
usage  but only manufacturing e lementa l  phosphorus 
and fabricated aluminum s h e e t ,  p la te ,  and wire 
had a n  internal  ra te  of return of 8.7% for United 
S ta tes  and 13.1% for non-United S t a t e s  locat ions 
se l l ing  t o  domest ic  markets. T h i s  ind ica tes  that 
proper c h o i c e  of t h e  product mix, based  on the  
availability of c h e a p  raw mater ia ls ,  might e v e n  
permit economic operation of complexes as smal l  
as 500 Mw(electrica1) in  t h e  United S ta tes .  

T h e  return l i s ted  for the  medium-sized 1000 
Mw(electrica1) United S ta tes  complex i n  T a b l e  
7.5 is not very at t ract ive ei ther ;  however, i f  
money were avai lable  at low interest  ra tes ,  t h i s  
complex might b e  considered.  Specific appl icat ions 
might resul t  in  considerable  reduction in  operating 
c o s t s  for t h e  industry. For  example,  locat ion in  
Flor ida,  near t h e  source  of phosphate  rock, would 
reduce the annual  c o s t  of t h i s  raw material by 
$6.8 million. T h i s  reduction i n  operat ing c o s t  
would increase  the  predicted internal  r a t e  of 
return to about 8.5%. 

Flor ida,  being a source  for phosphate  rack 
Rnd near bauxi te ,  which is located in  Surinam and 
Jamaica,  would be wel l  su i ted  for a n  industry 
manufacturing elemental  phosphorus and aluminum. 
Formulation of this complex with the  production of 
1150 tons  of elemental  phosphorus per d a y  and 
685 t o n s  of aluminum ingot per d a y  demonstrated 
that smaller  complexes a r e  economical ly  feas ib le  
when they are  tailored t o  take  advantage of cheap  
raw mater ia ls .  IJsing a two-reactor s ta t ion  (LWR) 
with a power output of 1050 Mw, t h e  internal ra te  
of return for t h i s  complex w a s  es t imated  t o  be 
18.7%. Again, however, t o  e n s u r e  that  t h i s  large 
production rate  d o e s  not flood t h e  market and force 
prices  down to uneconomic leve ls ,  a thorough 
market survey would obviously b e  required. 

T h e  problems involved in  marketing products 
cannot b e  overemphasized, a s  evidenced by t h e  
large overcapaci ty  in t h e  fer t i l izer  industry of t h e  
United S ta tes  today. T h i s  is primarily the  resul t  
of insufficient a t tent ion t o  marketing problems 
and too  much dependence on an export market 
which did not mater ia l ize  b e c a u s e  of c r i t i ca l  
shortages of foreign exchange.  

for domest ic  markets i n  developing nat ions as 
compared with producing for export to t h e  world 
market is apparent in  Table 7.5. T h e  internal  
ra tes  of return for the former a r e  qui te  a t t ract ive;  
even the  500-hlw complex h a s  a reasonable  return 
of a l m o s t  10%. However, large capi ta l  investments  
and t h e  assumption of imported phosphate  rock 
resul t  i n  unat t ract ive internal  ra tes  of return 
for complexes export ing t.heir products t o  the  
world market. In general, favorable location with 
respect  to raw mater ia ls  or markets  may petmit 

T h e  economic advantage of producing products 

2H. A. Sindt, I.  Spiewak, a?td T. D. Anderson, Chern. 
Eng. Progr. 63, 41 (1967). 

3"All That Fertilizer and N o  Place to Grow," Fortune, 
June 1, 1968, p. 91. 
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Table  7.5. E f fec t  of  S ize  on the Economic Benef i ts  of a Nuclear-Powered Industrial Complex 

25, 50, and 100% of Product Outputs Shown in Table  7.1 

Industrial power, a Mw 
Grid power, M u r  

Total electric power, Mw 

Station size, Mw(therma1) 
Number of Reactors 
Technology 
Cost has is 

Investment, millions of dollars 
Nuclear island 
Turbine - generator-condenser island 
Industrial complex 
Harbor 
Grid-tie facil i t ies 
Fue l  inventory 
Working capital  

To ta lb  

Annual operating cos ts ,  millions of 
dollars 
Nuclear is land 
Fue l  cycle 
Turbine generator island 
Industrial complex 

Total  

Value of products (income), 
dollars per year 
Credit for f i s s i le  rriaterial 
Electricity to grid' 
Industrial products 

Total  

Economic appraisal  

millions of 

5 16 
9 

525 

1700 
1 

LWR-NT 
u. s. 

37.5 
34.9 

161.0 

4.2 
12.0 
15.3 

264.9 
... 

1022 2 044 
2 8  56 

1050 2100 

3400 6800 
2 2 

__ ~ 

LWR-NT LWR-NT 
u. s. U.S. 

69.7  106.5 
66.5 120.2 

271.1 463.7 
21.0 23.9 

2 . 8  3.7 
22.8 42.9 
28.2 51.1 

482.1 812.0 
. __ 

517 
8 

525 

1700 
1 

LWR-NT 
Foreign 

-. - 

42.0 
39.1 

176.8 
18.0 
4.2 

12.0 
16.1 

308.2 
-. ....... 

1024 
26 

1050 

3400 
2 

-. 

LWH-NT 
Foreign 

78.1 
74.5 

297.5 
21.0 

2.8 
22.8 
30.2 

526.9 

1.1 1.8 2.3 1.1 1.8 
6.6 12.4 23.3 6.6 12.4 
0.4 0.6 0.8 0.4 0.6 

37.5 69.1 125.9 39.9 75.3 

45.6 83.9 152.3 48.0 90.1 
__ ~ ~ - ~ 

1.0 2.1 4.1 1.0 2.1 
0.2 0.8 1.5 0.2 0.7 

64.4 128.8 257.5 85.5 171.1 

65.6 131.7 263.1 86.7 173.9 
- - ~ - 

Annual ne t  benefits ,d millions of 
dollars per year 
i z 2.5% 4.4 
i = 570 -1.0 
i -  10% -13.0 
i z 20% -42.7 

Internal rate of return, 70 
Domestic market prices 4.5 
World market prices 

~ .......... . ~ ~ . ~  ~~ -~ -~ 

19.9 63.7 
10.2 47.2 

-12.2 10.2 
-66.8 -81.7 

7.4 11.4 

20.5 
13.7 

-1.2 
-40.6 

9.7 
2.4 

52.7 
41.2 
15.6 

4 2 . 3  

12.7 
5.3 

2048 
52 

2100 

6800 
2 

.......... 

LWR-NT 
Foreign 

119.3 
134.6 
509.3 

23.9 
3.7 

42.9 
56.6 

890.3 

2.3 
23.3 

0.8 
142.2 

169.2 

4.1 
1.4 

342.2 

347.7 

126.6 
107.0 
63.9 

-50.3 

16.1 
7.7 

aForeign industrial power is slightly higher due to addition of caus t ic  concentrator. 
bWithout interest  during construction; for example, for  a time value of money equal to lo%, one must add 

about $10, $37, and $62 million, respectively, for United S ta tes  complexes and $38, $65, and $11.0 million, 
respectively, for foreign complexes. 

CValued a t  3.4 mills/kwhr. 
dHenefits are after allowance for  in te res t  during construction and assume dotriestic market price l eve l s  

for products. 
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the assumption of competi t ive world market 
pr ices  for a complex, as  shown by t h e  mix tailored 
for Flor ida.  

All internal  r a t e s  of return as  ca lcu la ted  a r e  for 
the en t i re  complex, including the nuclear  power 
plant. T h i s  is in cont ras t  to present-day economic 
pract ice ,  where power plants  and chemical  p lan ts  
assume somewhat  different ra tes  of return. How- 
ever ,  under t h e s e  condi t ions t h e  power plant is 
usual ly  operated as a public ut i l i ty ,  whereas  in 
the context  of t h i s  report it would not be. 

Summarized as a s e r i e s  of bar graphs in F ig .  7.1 
are  t h e  d a t a  of T a b l e  7.5. Some d a t a  from T a b l e  
7.4 are superimposed to show the  e f fec t  of de le t ing  
the  CapitalLintensive aluminum plant. [Had th is  com- 
parison been made us ing  a recent  fabr icated alumin- 
ium f .0 .b .  price of $800/ton (40q/lb) instead of 
$65ti/ton, t h e  differences s h o w n  would disappear . ]  
Other e f fec ts  shown in t h e  graph a r e  one v s  two re- 
ac tors  arid t h e  Flor ida complex producing only ele- 
mental phosphorus and aluminurn. 
economic gains  (relative to the capi ta l  investments)  
to be made by shif t ing from light-water t o  breeder  
reactors  are greater  for United S ta tes  complexes 
!han for foreign complexes. T h i s  i s  because the 
23% increase  in  capi ta l  investment  (including in- 
te res t  during construct ion)  required for a f a s t  
breeder reactor is more cos t ly  at the higher  ra tes  
of return achieved by foreign complexes.  

Note t h a t  the  

T a b l e  7.6 summarizes  t h e  economic da ta  on t h e  
nuclear  industr ia l  complex cases evaluated,  Note 
that  delet ion of ammonia i n c r e a s e s  profit (compare 
complexes 4 and 2). T h i s  is because  t h e  manu- 
facturing cost of power f rom a light-water reactor 
a t  an internal ra te  of return of 7”476 is about 3 
mills/kwhr (see Fig.  4.4). At that  price of power 
and assuming a c o s t  of money t h e  same as  the  in- 
ternal  ra te  of return, t h e  manufacturing cost of 
ammonia is about  $37.00/ton. T h i s  is about 
$7.00/ton higher than  t h e  assumed s e l l i n g  p i c e  
of $30.00/tun (see T a b l e  5.9) under United S t a t e s  
conditions. 

Comparisan of complexes 1. and 5 s u g g e s t s  that  
even s m a l l  500-Mw complexes c a n  b e  economically 
competitive in  t h e  United S t a t e s  under cer ta in  con- 
ditions. Locat ion near a site of c h e a p  raw nia- 
t e r ia l s  would enhance  t h e  profits of complex 5 
considerably. ‘The cost of transportation of raw 
materials and/or products may completely change 
the economics of a complex and  is a very important 
factor to consider  in  a s p e c i f i c  s i t e  survey,  as 
d i s c u s s e d  in Chap. 8. 

T h e  ra tes  of return shown for foreign complexes 
producing for a domest ic  market a re  sa t i s fac tory  
even  for corn.plexes a s  small as 500 Mw. In addi- 
tion, t h e  l i s ted  internal  ra tes  of return d o  not re- 
f lect  t h e  to ta l  benefi ts  to a developing nation’s 
economy. T h e  replacement of products purchased 
with foreign exchange by indigenous products 

~. ...... 

.................... 

REACTOR TYPE LWR ILWR F B R  L.WR FBH LWR L‘NR FBH LWR FW? 
NET ELECTRICAL OUTPUT (M\nl,i 525 1050 2100 525 1050 ?IO0 

REACTORS PER STAT’ON 1 2 2 4 2 2 

F i g .  7.1, E f f e c t  of Size and Reactor Techno logy  on the Internal Rate o f  Return of Nuclear Industrial 

Complexes. 



Tabie  7.5. Summary of Nuclear Industrial Complexes 

Product  mix I 11 11: IV v 

Production ( tons/day)  

NH 3000 
p 4  1120 1120 1150 1180 1280 

514 514 585 685 342 A! 

C i 2  1003 1000 1000 

Electr ic  power 2048 io50 1038 iosa 1021 

C aus  :ic 1130 1130 1130 

consumption, Mw 

VI 

3080 
1500 

2000 
2260 

2026 

United S ta t e s  F o r e i g  

Annual Internai Capitai Annual Annual Inrernal R a t e  
PlanT Technology Investment Operat ing Product  Ra:e of lnvesiment Operat ing Product  of Return,  70 

Power (Kw) (dollars) C o s t s  Va iues  Return,  yo (dol lars)  Costs Domest ic  Export 
(dol lars)  (dollars) (dollars) (dollars) Prices P r i c e s  

Cap i t a l  Industr ia l  Complex Product  
X O .  Mixa 

x I O 6  x 106 x 106 

1 I 512 LWR 265 46 66 
2 I I324 LWR 482 84 132 
3 I 2048 LVR a12 152 263 

4 IT 1050 LWR 628 137 229 

5 111 519 LWR 392 82 127 
6 I11 

7 c  IV 

8 V 

9 VI 
10 VI 
11 VI 

12 I 
15 

14 1 

1038 

1053 

1021 

2026 
2026 
2026 

1024 
2048 
20J78 

LWR 

LWR 

LWR 

LWR 
FBR 

T 8 R  

F E R  
F 3 R  

TlaR 

699 

508 

555 

52 1 
559 
5 04 

513 
680 
796 

149 

105 

125 

110 
91 
88 

7 3  
133 
131 

4.5 
7.4 
1.4 

2.1 

8.7 
254 12.7 

219 18.7 

201 11.4 

189 13. I 
193 14.9 
186 15.5 

132 9.2 
267 12.9 
260 14.1 

x 106 

308 
527 
890 

693 

440 
755 

512 

592 
663 
576 

561 
96 1 
874 

x 106 x 1 0 6  

48 87 9.7 2.4 
9 3  174 12.7 5.3 

169 343 16.1 7.7 

154 296 16.6 7.8 

87 160 13.1 5.9 
164 320 16.6 8.9 

150 264 15. 1 5.5 

149 270 16.3 4.5 
130 273 17.3 7.1 
127 269 19.1 8.0 

79 174 13.6 6.5 
15G 35 1 16.8 9.4 
145 344 18.0 l0.2 

aProduct  oulput s c a l e d  to power rate. 
bBased on domest ic  or import price i eve l s ;  product value using export  p r i ces  is lower by a factor of 1.3. 
'Florida location nea r  phosphate  rock deposi ts ;  alummum m a d e  into ingot only. 
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renders monetary benef i t s  t o  their  economy over 
and above t h o s e  listed in t h i s  report. T h e s e  addi- 
t.ional benefi ts  might be suff ic ient  t.o make a margin- 
a l ly  a t t ract ive enterpr ise  very at t ract ive t o  a de- 
veloping nation. 

In general ,  when t h e  products of non-United 
States complexes a r e  so ld  a t  world market pr ices ,  
their returns are  much less at t ract ive (see T a b l e  
7.6). T h i s  is b e c a u s e  t h e  products are be ing  sold 
at essent ia l ly  IJnited S t a t e s  pr ices  but with in- 
c reased  capi ta l  and raw material costs assumed 
because  of their locat ion.  Favorable  location with 
respec t  to raw mater ia ls  or a spec i f ic  market would 
improve t h e s e  returns. 

uclear Agro-lndu str i  a! Complexes 

T h i s  sec t ion  d i s c u s s e s  t h e  assembly  and eco- 
nomic a n a l y s i s  of  a nuclear  agro-industrial com- 
plsx. All  t h e  factors  d i s c u s s e d  in previous sec- 
tions of the report ate brought together  as a unit, 
and t h e  pract icabi l i ty  of t h e  idea  i s  examined. 
Since t h e  United S t a t e s  h a s  abundant food produc- 
tion capabi l i t i es  and d o e s  not have a n  ex tens ive  
c o a s t a l  d e s e r t  a r e a ,  the  merit of nuclear  agro- 
industr ia l  complexes is examined only for foreign 
locat ions.  'The c r i t i c a l  need of many developing 
countr ies  for large i n c r e a s e s  in  food production is 
quite ev ident  and is adequately d i s c u s s e d  else- 
where. 

Comparison o f  Reactor and Evaporotor Tech- 
nologies. - T h e  ef fec t  o€ advances  in  reactor and 
evaporator technology w a s  s tudied  for  a nuclear 
ago- indus t r ia l  complex c o n s i s t i n g  of a n  industry 
with the  product mix and output l i s ted  i n  T a b l e  
7.3 and a farm producing the  high profit crop mix 
('Table 5.15) summarized in  'Table 6.18. 

With operation of t h e  turbines  under optimum 
conditions, namely, in t h e  back-pressure region, 
the power requirement of  t h e  coupled industry 
d ic ta tes  t h e  amount of water t o  be produced by t h e  
evaporator plant for a given evaporator performance 
ratio [see Appendix 7A, E q s .  (14) and (15)l. F o r  
light-water reactor cases (Table  7.7) a total of 
2715 Mw of e lec t r ic i ty  is required for t h e  industr ia l  
plants ,  grid, evaporator  pumping, and irrigation s ys-  
tem. B a s e d  on t h i s  power requirement t h e  output 

4U.S. President 's  Science Advisory Cammi t t ee ,  7 h e  
World Food Probleni, vol. I, 1967. 

of the  e v a p o r a b r  i s  1250 Mgd for ari evaporator 
performance rat io  of I 2  lb o f  water per 1000 Btu. 
T h e  size of t h e  farm w a s  based  on t h e  ut i l izat ion 
of 1220 Mgd, with 30 Mgd to supply town and in- 
dustr ia l  needs.  T h e  c o s t s ,  income, and a c r e a g e s  
l is ted i n  T a b l e  6.18 for t h e  high-profit farm were 
s c a l e d  linearly by the factor  1..22 (8220 Mgd/1000 

T h e  pertinent economic d a t a  arc suinmarized in 
Table  7.7 for two light-water reactors ,  one coupled 
to a MSF evaporator and one  to a VTE. Also  l i s ted  
in  t h e  t a b l e  is a f a s t  breeder reactor  coupled to a 
V'rE. T h u s  conclus ions  c a n  b e  drawn comparing 
the re la t ive  e f fec ts  of (1) changing evaporator 
technology, ( 2 )  changing reactor  technology, and 
( 3 )  simultaneously changing evaporator and reactor  
technologies .  To el iminate  t h e  large e x c e s s  block 
of power ava i lab le  for t h e  FBK-V'TE combin a t '  ].on, 
a case is also shown when about  25% of t h e  prime 
steam is bypassed  direct ly  to the evaporator 
through a pressure-reducing valve. T h e  economic 
penalty incurred in  doing t h i s  is not not iceable  i n  
the internal  r a t e  of return; however, t h e  annual  net  
benefits are reduced by about  $10 million at a 10% 
c o s t  of money. 

Note that  a s ignif icant  d e c r e a s e  in e lec t r ic  power 
usage  resu l t s  when changing evaporator  technology 
from MSF to VTE. T h i s  is due  to  t h e  large de-  
c r e a s e  i n  seawater  pumping power €or t h e  latter. 
T h e  large increase  in grid sales shown for t h e  
LWR-VTE combination is a direct  resul t  of t h i s  
decrease  i n  power for water production. T h e  addi- 
t ional  grid sales shown for the FBR-VTE combina- 
tion a r e  d u e  to  t h e  difference i t1  turbine c y c l e  effi- 
c i e n c i e s  betwtwn LWR and F R K  reactors  ( s e e  
Appendix 7A, T a b l e  7A.1) and t h e  fac t  t h a t  t h e  
water requirement is s e t  according t o  t h e  condi -  
tions of t h e  lower efficiency. If t h e  e lec t r ica l  
generation had been  kept t h e  same as for the  LWR 
c a s e s ,  t h e  amount of water produced would have 
been reduced t o  954 Mgd. 

T h e  capi ta l  investment of t h e  industry is some- 
what higher than l i s ted  in T a b l e  7.4 because  of 
the  hydrogen requirements for seawater  treatment 
with hydrochloric ac id .  T h e  u s e  of a portion of 
the hydrogen output of t h e  chlor ine plant  to 
produce hydrochloric ac id  requires  an increase  in  
the  capi ta l  investment for t h e  electrolyt ic  hydrogen 
plant, T h i s  a l s o  i n c r e a s e s  the  e lec t r ica l  power 
requirement of t h e  industr ies  by 44 M w .  

T h e  f a s t  breeder reactor h a s  a d is t inc t  economic 
advantage over the  light-water reactor  even  though 

Mgd). 
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'Fable 7.7.  Effect o f  Reactor and Evaporator Technologies  on the Economic 

Benefits o f  a Nucleoli Agro-Industrial Complex 

____.....~__ ~ . _ _ _ _  

Type of evaporator 

Indus t r ia l  pmwer, Mw 

Powe; for water,  Mw 
Grid power .  Mw 
Tota l  e lectr i i  power,  klrv 

Desa l ted  water,  Mod 
Station s u e ,  Mw(ther:nal) 
Farm SIZC, '  acrcs  
Numbe: of reac tors  
Technolairy 
C o s t  b a s i s  

Investment,  mill ions of do l la rs  
Nuclear  i s land  
Tuib lnc  gcnerator r s land  
Evaporator p lan t  
Seawater  treatment p lan td  
Indus t r ia l  complPn 
Farm 
Harbor 

Tow" 
Grid-tie fac i l i ty  
F u e l  Inventory 
Working capi ta l  

T o t a l e  

Annual operatmg c o s t s ,  mi l l ions  of do l la rs  
Nuclear  i s l a n d  
F u e l  c y c l e  
l'urbinc generator i s l a n d  
Evapora tor  p lan t  
Indus t r ia l  romplex  
Farm 

T o t a l  

Value of products  (income),  mi l l ions  of  
do l la rs  per year  
Credi t  for f i s s i l e  mater ia l  
E lec t r ic i ty  to grid 
I n d u s t i d  products 
Farm products 

Tota l  

Economic appra isa l  
Annual net b e n e f i t s , "  mi l l ions  of do l la rs  
per year 
i = 2 . 5 7  
I ~ 50. 
I 7 IC% 
I :  20% 

Internal ra te  of re tu rn  a t  
domcst ic  market p r i c e s ,  % 

MSF 

2070 
6 2 0  
2s 

271; 

1250 
13.651 

390,224 
2 

~ 

LVR-NT 
F o r e i p  

195 .0  
149.5 
497.3 

0.3 
219.0 
373.7 

40.3 
19 .2  

2.7 
87.1 
83 .0  

V T E  

2070 
367 
278 

2715 

1250 
13 ,755  

390,224 
2 

~ 

13WR-NT 
F o r e l m  

195.0  
149.5 
350.6 

0.3 
219.0 
373.7 

40.3 
19.2 
7.7 

87.1 
83.3 

1653.1  

2.9 
46.8 

0.9 
6 .5  

122.7 
70 .0  

1511.1 

2 .9  
46.8 

0.9 
5.6 

122.7 
70 .0  

VTE 

2070 
367 

1165 
3602 

1250 
14,662 

390.224 
2 

~ ... 

F B R  
FOrClm 

297.9 
156.8 
350.6 

0.3 
219.0 
373.7 

40 .3  
19.2 
14.3 

234.6 
71.2 

1753.6 
~ ....... ~ 

2.5  
12.2 

0.8 
5.6 

122.7 
70.0 

V T E    by pa?^)^ 

2070 
367 

2 5  
2462 

1250 
13 ,425  

390,224 
2 

- 

F B R  
Foreign 

283.0 
104.9 
350.6 

0.3 
219.0 
373.7 

40.3 
19.2 

2.7 
215.2 

70.9 

1665.5 

2.4 
11.2 

0.7 
5.6 

122.7 
70.0 

249.8 

8.2 
0.7' 

257.5 
237.1 

248.9 

8.2 
7.4' 

257.5 
237.1 

213 .8  

19.9 
18.4' 

257.5 
237.1 

212.6 

18.2 
0.4' 

257.5 
237.1 

503.5 

171.2 
131.6 
44.4 

-178.1 

12.9 

510.2 

183.1 
147.4 

72.3 
-122.9 

14.5 

532.9 

233.4 
195.5 
109.5 

-108.3 

15.3 

513.2 

220.0 
180.0 

99 .0  
-107.6 

15.3 

eVTE (bypass)  i n d i c a t e s  evapora tor  opera ted  wrth about  25% bypass of prune s team to reduce  e lec t r lc  

bSee T a b l e  7.3 for product output of indus t r ia l  complzx. 
' S e e  T a b l e  6 .17  for h a s e  c a s e  u s e d  m c o s t m g  the  farm. 

dHydrochloric acid  treatment.  
eExcluding  i n t e r e s t  d u r m g  cons t ruc t ion ;  charzcs  a t  10% c o s t  of money *--auld add  $187, $164, $185, and 

'Valued a t  3.4 rnills/kwhr. 
gValued  a t  2.0 mi1ls;kwbi. 
h g e n e f i t s  are a f t e r  a l lowance  for i n t e r e s t  during construction and assume domest ic  market pr ice  l e v e l s  

pomcl output;  a l l  other cases are opera ted  in  back-pressure region. 

$173 mill ion respec t ive ly .  

for products.  
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the overall capital  investment for the fornier is 
increased by about 16% (including interest during 
construction). For a 10% cost of money, the 
economic appraisal l isted in Table 7.7 indicates 
that the net annual profit advanti2ge (after paying 
interest charges on a l l  money, putting as ide  enough 
money to replace the complex at the end of its 
lifetime, and paying a l l  operating costs) for the 

fast breeder is $37 million per year with a n  esti- 
mated additional investment: of $264 million in- 
cluding interest. during construction (IDC). 

Incrementally, it is apparent that  advanced 
evaporator technology is somewhat more import-ant 
to the ecxmomic: viability of nuclear agro-industrial 
complexes in  foreign locations than the incorpora- 
tion of fast breeder reactor I.echnology. Table 7.7  

Table  7.8. Effect  of  S i z e  o f  Nuclear  Agro-Industrial Complex on Economic Senefits Us ing  MSF Evaporators 
_______I____.._. ~ ................... .....--......l.....l..l-...... ................ 

h d u s t r i a l  power,a MW 

Power for water, Mw 
Grid power, Mw 

Tota l  e lec t r ic  power, Mw 

Desalted water, Mgd 
Station size, Mw(therma1) 
Farm size,' ac re s  
Number of  reactors 
Technology 
Cos t  b a s i s  

Investment, millions of dollars 
Nuclear reactor i s land  
Turbine generator i s land  
Evaporator plant 
Seawater treatment plant 
Industrial complex 
FalTf1 

Harbor 
Town 
Grid-tie facil i ty 
F u e l  inventory 
Working capi ta l  

'1' ot a 1 

Annual operating costs,  millions of dollars 
Nuclear i s land  
Fue l  cyc le  
Turbine generator i s land  
Evaporator plant 
Industrial complex 
Farm 

Total  

Value of products (income), mil l ions of  dollars per  year 
Credit for f i s s i l e  material 
Electricity to gride 

Industrial products 
Farm products 

Total 

528 
154 

6 

1046 
31 1 

15 

688 

320 
3525 

99,157 
2 

I, WR-N T 
Foreign 

80.5 
50.0 

137.8 
0. 1 

177.3 
94.9 
20.0 
to. 1 

1.5 
23.6 
24.5 

1370 

625 
691 1 

195,115 
2 

LWR-NT 
F o re 1 gn 

120.0 
80.4 

255.4 
0.1 

298.5 
186.7 

98.3 

18.0 
2.0 

43.8 
4h. 2 

620.3 

1.8 
12.9 

0. b 

2.1 
39.9 
17.8 

75.1 
~ ....... 

2.1 
0.2 

84.0 
60.2 

146.5 
___I._ 

1079.5 

2 . 3  

23.7 
0.7 
3.6 

75.3 
35.0 

140.6 

4.2 
0.4 

158. 1 
118.6 

291.3 

2092 
632 

25 

2749 

1280 
14,096 

399,825 
2 

LWR-NT 
Foreign 

196.9 
152.5 
508.0 

0.3 

511.3 
383.5 

40.3 
31.8 

2.7 
89.3 
89.4 

2005.0 
-. .......... 

2.9 
48.3 

0.9 
6.3 

142.2 
71.7 

272.3 
- 

8.5 
0.7 

336.0 
243.0 

588.2 
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Table 7.8 (continued) 

Econoinic appraisal  
Annual net benefits, millions of dollars per year 

i = 2.5% 38.1 92.5 211.4 
i : 5% 25.0 69.9 167.0 
i = 1070 -5.0 17.3 70.1 
i = 2070 - 4 3 . 5  -119.1 180.9 

Internal rate of return a t  domestic market prices,  70 9.3 11.5 13.2 

aSee Table  7.1 for product output of base  industrial  complex. 
%ee Table  6.18 for base  c a s e  used  in costing the farm. 
'Hydrochloric acid treatment. 
dExclu&ng interest  during construction; charges at  10% cos t  of money would add $70, $118, and $210 million re- 

eValued a t  3.4 mills/kwhr. 
fBenefits are after allowance for interest  during Construction. 

spectively. 

indicates  that  the  effect of changing only t h e  
evaporator technology from MSF t o  V T E ,  while 
holding reactor technology constant  (LWR), resu l t s  
in a $28 million increase  in  profit, with a con- 
current reduction of $165 million (10%) i n  capital. 
investment (including IDC). However, achieving 
the technological  advance from near term (LWK- 
MSF) t o  far term (FBR-VTE) resu l t s  i n  a n  impres- 
s i v e  56% return on the addi t ional  cap i ta l  (including 
InC) at a 10% c o s t  of money. 

Ganaplex. - T h e  effect  of s i z e  of the  nuclear agro- 
industrial complex w a s  examined in  T a b l e  7 .8  by 
adding an evaporator and a farm t o  t h e  nominal 
500, 1000, and 2000 Mw(electrica1) nuclear  indus- 
trial complexes l is ted i n  T a b l e  7.5. Miilor dif- 
ferences in  industr ia l  cap i ta l  investment and 
power requirements are again c a u s e d  by d e c r e a s e s  
in the  hydrogen avai lable  a s  a by-product from the 
chlorine plant. 

T h e  farm is based  upon the  u s e  of 310, 610, and 
1250 Mgd, respect ively,  with the remainder of the  
water allocated t o  town and industr ia l  use.  Linear  
sca l ing  w a s  applied to the  b a s i c  farm c a s e ,  shown 
in Table  6.18, t o  obtain the  capi ta l  investinents, 
operating c o s t s ,  and product s a l e s  shown in 
Table  7.8. 

similar t o  that  shown for t h e  nuclear industrial 
complexes shown in Table  7.5, although t h e  
dependence of net  annual  benefi ts  on the  cost 
of money i s  much greater. T h i s  is due  t o  t h e  

Effect o f  s ize o f  Nuclear Agro-industrial 

T h e  effect  of size on net  annual  benef i t s  is very 

approximate doubling of the  capi ta l  investment 
in the  case of nuclear agio-industrial complexes. 
The  internal ra te  of return i n c r e a s e s  about 2 
percentage points for e a c h  s t e p  i n  reactor  size 
(580 and 1000 Mw steps) .  

Incremental Rete of Return of the Farm.  - T h e  
internal ra te  of return w a s  computed for t h e  incre- 
mental addition of a farm and i t s  anci l lary equip- 
ment to t h e  nuclear  indmstrial complexes shown i n  
T a b l e s  7 . 4  and 7 . 5 .  T h e  economic a n a l y s e s  pro- 
cedures  a s  outlined in Chap. 3 and Appendix 3A 
were applied to t h e  differences i n  capi ta l  c o s t s ,  
operating costs, and annual sales to arrive at a n  
internal ra te  of return for t h e  farm increment. F o r  
e a c h  case examined, t h e  grid power for t h e  nuclear  
agro-industrial complex w a s  equal  t o  t h a t  of the  
corresponding nuclear  industrial complex. 

Incremental rates of return were determined for 
three of t h e  farms shown in T a b l e  7.7 t o  determine 
t h e  effect  of reactor and evaporator technology on 
farm economics. For  t h e  LWR-MSF case the  incre- 
mental internal ra te  of return was 10.676, a s  c o m -  
pared with 12.9% for t h e  ent i re  complex. By utiliz- 
ing advanced evaporator technology i n  t h e  form of a 
vertical-tube evaporator (LWR-VTE), t h e  incremen- 
t a l  return for t h e  farm increased  to 13.770, compared 
with 14.5% for the  en t i re  nuclear  aero-industrial 
complex. 

Final ly ,  for t h e  most advanced technology repre- 
sen ted  by t h e  FBR-VTE c a s e ,  t h e  incremental re- 
turn o n  t h e  farm w a s  est imated a t  15.0%, as  com-  
pared with 15.3% for the  en t i re  complex. T h e s e  
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d a t a  again emphas ize  that  t h e  achievement of ad- 
vanced evaporator technology (VTE) is incremen- 
ta l ly  more important to improving farm economics 
than t h e  achievement of advanced reactor  tech- 
nology. 

as a function of size by comparing t h e  d a t a  of 
T a b l e s  7.5 and 7.8. T h e s e  d a t a  a re  based  o n  near- 
term technology, namely, light-water reac tors  and 
MSF evaporators. T h e  t h r e e  energy centers ,  nomi- 
nal. 500, 1000, and 2000 net  Mw, produce water a t  
the  r a t e  of 320, 625, and 1280 Mgd respect ively.  
T h e  d a t a  a r e  summarized i n  T a b l e  7.9. Note that  
t h e  incremental ra te  of  return for the  farm remains 
relatively cons tan t  regard less  of size. T h i s  is 
due to t h e  relat ively small  s c a l i n g  benef i t s  avail- 
a b l e  for MSF evaporators  and the  f a c t  tha t  t h e  farm 
is s c a l e d  linearly according to water plant  size. 

T h e  internal  r a t e s  of return for industry a lone  
arid for the farm and  industry together, and the  in- 
cremental  return for t h e  farm a lone  s u g g e s t  that  
large farming operat ions ut i l iz ing advanced farming 
methods c a n  produce returns  which compare favor- 
ably with t h o s e  of industry. T h e  farm d o e s  de- 
p r e s s  t h e  internal  ra te  of return more a s  i t s  s i z e  
increases ,  but t h i s  is b e c a u s e  t h e  s c a l i n g  of in- 
dustry is logarithmic whereas  that  of t h e  farm is 
l ineat .  

Another important factor which must b e  consid-  
ered as somewhat detrimental to industry is the  
problem of marketing products. T h e  larger indus- 
t r ia l  complexes appear  qui te  a t t ract ive,  but the  
problems of s e l l i n g  their  large outputs  would de-  
pend t o  a la rge  extent  on market cons idera t ions  
and t h e  presence  of a n  adequate  economy able  to 
pay for t h e  products. In cer ta in  developing coun- 

Incremental returns were computed for t h e  farm 

t r i e s  t h e  la t ter  may turn out  to b e  a n  insutmount- 
able  obs tac le .  Moreover, people  mus t  e a t ,  and 
t h u s  a n  adequate  market for food usual ly  can  be 
assumed t o  e x i s t  in  a developing nat ion,  although 
food p r i c e s  are important. Other nonmonetary bene- 
f i t s ,  when evaluated,  may lend addi t ional  support 
to t h e  idea. One s u c h  benefit might b e  that  pres-  
en t  nonproductive c o a s t a l  deser t  1 and could be  
brought under cul t ivat ion t o  provide addi t ional  food 
in underdeveloped nat ions.  Another benefit,  more 
diffuse and difficult to eva lua te ,  might b e  the ex- 
ample provided to t h e  nat ion’s  small  farmers by a 
concentrated farming industry ut i l iz ing advanced 
agricultural pract ices .  T h i s  example might b e  ex- 
pec ted  to inf luence t h e  small farmers’ methods of 

cul t ivat ing and in  t h i s  way tremendously increasing 
the  nation’s food production. Again, however, 
t h e s e  r e s u l t s  are highly specula t ive  and not sub- 
j e c t  t o  an economic appraisal .  

Complexes. --- Analogous to industry-only com- 
p lexes ,  it seemed informative t o  eva lua te  a farrn- 
only case. Since reactors  producing low-tempera- 
ture s team for seawater  dis t i l la t ion are in only 
early s t a g e s  of s tudy,  5 , 6  it  w a s  necessary  to u s e  
t h e  high-temperature s team produced by light-water 
and f a s t  breeder reactors  by f i rs t  p a s s i n g  i t  through 
a pressure-reducing va lve  and  thence  into rhe evap-  
orator. T h i s  is ineff ic ient  ut i l izat ion of t h e  ava i l  

Single-Purpose vs Dual-Purpose Nuclear-Powered 

_____ . 

R. P. Hainmond e t  a l . ,  H i g h  Gairi Breeders for Desnlt-  5 

if@ or  Power Using  Unclad Metal FiwI.s, QRNL-4202 ( t o  
be published). 

r. ID. Anderson et al., ‘ ‘A Metallic Uranium Fueled  
PWR for Single Purpose  Desalt ing,” ANS/CNA Trans. 
1 l( l) ,  355; presented at  1968 Meet-ing, Toronto, Canada, 
June 1968. 

b. 

Table 7.9. Summary of Internal Rates of Return as a Function of Farm Sire Based on Sales  

to a D o m e s t i c  Market and Using Near -Term Technology (LWR-MSF) 

Industrial  product mix listed in Tab le  7.5; farms described in  Table  7.8; product sales 
a t  domestic price leve ls  

Internal Rate  of Return, % 
......... ____ Industry Size Water P lan t  Size 

[Mw( electrbcalj] (Mgd) Farm and Industry Farm Incremental Industry Alone 

528 320 9.3 8.9 9.7 

1046 625 11.5 10.3 12.7 

2092 1280 13.2 10.7 16.1 
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ab le  energy; however, it  d o e s  offer the  opportunity 
of evaluat ing a farm-only c a s e .  For  t h e s e  cases it 
w a s  decided to s e t  t h e  output of t h e  water  plant a t  
1000 Mgd, and thus ,  t o  obtain d a t a  for comparable 
dual-purpose plants ,  the  industry s i z e  w a s  sca led  
down to 1585 Mw of electr ic i ty ,  with t h e  prodllcts 
and their production l i s ted  i n  footnote 3 of Table  
7.10. 

The  economic advantage of dual-purpose over 
single-purpose nuclear  power s ta t ions  is readily 
s e e n  in Table  7.10. The incremental returns on 
the f a r m  for the dual-purpose plants  a re  a b o u t  44% 
higher than the returns l i s t e d  for t h e  f a r m s  of the  
s ingle-purpose plants .  

The  grid power shown for the dual-purpose FBK 
plant ,  about 1900 Mw (electr ical) ,  i s  rather high but 
is necessary in order t o  produce 1000 Mgd of de-  
sa l ted  water while  operating in the back-pressure 
region. However, th i s  grid power c a n  b e  eliminated 
by decreasing the thermal power of t h e  s ta t ion by 
about 9% and making t h e  s a m e  amount of water by 
bypassing 25% of the prime s team direct ly  to  the 
evaporator. In this case t h e  internal ra te  of rc tcm 
i s  about t h e  s a m e ,  16.4%, a s  shown in Table  '7.10. 
However, if e lec t r ic i ty  i s  priced a t  3.4  inills/kwhr 
instead of 2 niills/kwhr, a s l igh t  disadvantage 
would b e  noted for the  bypass  case. k price of 
3.4 mills/kwhr would b e  required to  pay a l l  c o s t s  
for a FBK a t  a c o s t  of money of 16.4% ( s e e  FRK 
b a s e  c a s e ,  0.90 load factor, Fig.  4.4). T h i s  s e r v e s  
t o  i l lustratc  t h a t  par t ia l  bypass  of prime s team may 
be permitted without imposing s ignif icant  economic 
penal t ies  on the overall complex. 

Effect  o f  Price bevel and Product h c e s s i n g .  - 
T h e  most important s ing le  item in determining t h e  
relat ive meri t  of the var ious complexes d i s c u s s e d  
in  t h i s  report is the  pr ice  leve l  assumed for raw 
mater ia ls  and for t h e  sale of products. T h e  pr ices  
of raw mater ia ls  l i s ted  i n  T a b l e  5 .9  a r e  intended to  
represent t h e s e  mater ia ls  a t  t h e  complex s i t e  af ter  
being shipped in from various d is tances .  Assump- 
tion of a complex s i t e  at a source  of raw material 
would improve t h e  economic picture. T h e  product 
pr ices  l i s t e d  i n  T a b l e s  5.9 and 6.7 are intended t o  
represent two leve ls ,  domest ic  market pr ices  and 
world market pr ices .  T h e  former p r i c e s  l i s t e d  fcr 
non-United S t a t e s  locat ions a r e  intended t o  repre- 
sen t  their indigenous value to t h e  country as a re- 
placement  of a foreign expenditure for t h e  same 
product (no shadow rate  of exchange) .  

purpose complexes of Table  7.10 were s o l d  a t  
world pr ices  resul ted in  reduct ions of about 40% 

Assuming that  a l l  the  products  of t h e  t w o  dual- 

in their internal r a t e s  of return. T h i s  s u g g e s t s  
that  t h e s e  complexes would have  difficulty com- 
pet ing on the  world market iinlcss a favorable raw 
material. source  ex is ted  within t h e  country. 

It should be  recognized that  additional processing 
s t e p s  for some of t h e  products  might make the  ecc- 
nomic returns more promising. For example, con- 
version of all t h e  ammonia production l is ted in  
Table  7.10 into ammonium ni t ra te  and urea for the  
dual-purpose LWR case resul ted in  a n  internal ra te  
of return of 16.1%, a n  improvement of 1.5 percent- 
age  points. Similarly, t h e  addition of food process-  
ing for the farm products  should  improve the eco- 
nomics of the  farm; however, intensive s tudy of t h i s  
possible  source of addi t ional  income w a s  beyond 
the s c o p e  of the  study. 

Summary. - T h e  r e s u l t s  obtained for nuclear agro- 
industrial complexes a r e  summarized i n  Table  7.11. 
It should be recognized that  a l ternat ive methods of 
feeding people  and producing power and water 
exis t ;  however, their s e r i o u s  consideration as al- 
ternat ives  should be  dependent  upon achieving a 
similar level of economic benefaction. Evaluat ion 
of al ternat ives  to t h e  nuclear  agrc-industrial con- 
cept  w a s  beyond t h e  s c o p e  of the  present report. 

the  choice of a range of internal  ra tes  of return 
which would represent  a n  a t t rac t ive  investment. 
The range would b e  dependent  on the al ternat ives  
avai lable  for a particular area and would require a 
market survey to determine t h e  types  and ainounts 
of products which could be absorbed within t h e  
area. 

Another a rea  which requires  more s tudy involves  

To summarize the  economic s t u d i e s  on nuclear 
agro-industrial projects ,  one  must conclude that  on 
a s t r ic t ly  monetary b a s i s  they a r e  not qui te  as at- 
t ract ive a s  nuclear-industrial complexes, espec ia l ly  
with near-term evaporator technology. However, i t  
should be s t a t e d  that  smal l  changes  i n  the b a s i c  
water-yield relat ionships  (Table  6.3), crop pr ices  
(Table  6.71, irrigation requiremerits (Table  6.1), 
more high-value crops,  o r  the  addition of some food 
processing fac i l i t i es  could s ignif icant ly  change the  
economic comparison. I t  must  a l s o  be recognized 
that inost of the  condi t ions at ta ined in the ana lys i s  
reported here  would resul t  in  a c o s t  for water in  
e x c e s s  of 10@/1000 gal  (see Fig.  4.11). T h i s  h a s  
been generally accepted  a s  about  the limit that  one  
could pay for irrigation water  under usual  condi- 
tions. Nevertheless ,  i t  should  be noted that  a t  a 
water production rate of 1000 Mgd and a t  a c o s t  of 
money of lo%, the  c o s t  of water  is about 24@ and 
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Table 7.10. Comparison o f  Woter-Only Production with Power  ond Woter Production 
Using Light-Woter and F o s t  Breeder Reuctors 

Type of coi-xp?cs 

Industrial power, MW 
Power for water, ?vlw 
Grid power, Mw 

Total  e lectr ic  power, Mw 

Desal ted water, Mgd 
Station s ize ,  Mw(thenna1) 
Farm size, acres  
Number nf reactors  
T e c h o l u g y  

Cos t  b a s i s  

Investment, rnill.ions of dollars 
Nuclear i s land  
lurbine generator i s land  

Evaporator 
Seawater treatment plant 
Industrial complex 
Farm 
Harbor 
Town 
Grid-tie faci l i ty  
Fuel  inventory 

Working capi ta l  

Total  

? .  

Annual operating cos ts ,  millions o f  dollars 
Nuclear is land 
Fuel  cycle  
Turbine generator is1 and 
Evaporator 
Industrial complex 
Farm 

Total  

Value of products (income). millions of dollars  
per year 
Credit for fissile material 
Electr ic i ty  to grid 

Industrial products 
Farm products 

Total 

Internal ra te  of return, % 
Domestic sales pr ices  
World market pr ices  
Farm, incremental, domestic prici-s 

Single purpose 
0 

497 
20 

Dual purpose 
1585 
497 

2 5 

517 

1000 
903 1 

320,0(jo 

2 
LWR-MSF 
Foreign 

144.1 
39.2 

403.2 
O h  

0 
306.0 

30.0 
13.5 
2.5 

57.2 
36.2 

2108 

1000 
11,108 

320,000 
2 

LWR-MSF 
Foreign 

166.5 
120.0 
403.2 

0.3= 
570.3 
306.0 
35.0 
32.0 

2.7 
70.4 
78.7 

Single purpose 

0 
2Q4 

20 

31.1 
~ 

1 000 
8x1 9 

320,000 
2 

Fi3R-VTE 
Forr ign  

217.3 
20.0 

278.9 
Ob 

0 
306.0 

30.0 
13.5 
2.5 

141.1 
27.6 

1031.9 

2.5 
31.0 
0.5 

12.5b 
0 

62.0d 

1785.1 

2.7 
38.1 
0.8 
s. 5 

133.0 
56.0" 

1036.9 

2.0 
6. 6 
0" 4 

11.7b 
0 

6?..0d 

Dual purpose 

1585 
294 
987 

2866 

loon 
11,923 

3 20,000 
2 

PUR-VTE 
Foreign 

260.8 

118.1 
2 78.9 

0.3' 
570.3 
306.0 

35.0 
32.0 
13.1 

190.8 
71.0 

1876.3 
.- 

2.3 
9.9 
0.8 
4.6 

133.0 
56.0e 

108.5 

5.5 
0.5 

0 
194.4 

236.1 

6.7 
0.6 

347.1 
194. a 

82.7 

10.8 
0.5 

0 
194.4 

206.6 

16.2 
15.2 

347.1 
194.4 

200.4 

7.4 

548.8 

14.6 
8.2 

10.6 

205.7 

10.1 

572.9 

16.4 
10.1 
14.5 

MIndustrial production (tans/day): ammonia, 1740; phosphorus, 765; aluminum, 685; chlorine, 15110; caus t ic  soda, 

"Assumes purchase of sulfuric acid from an or.-sitc plant  ot $22.50/ton ($60.00/ ton sulfurj. 
%ydrochIoric acid s c a l e  preventive treatment. 
'Fertilizer purchased. 
%o fertilizer costs ;  s a l e s  are  reduced by amount of fertilizer needed. 

1695. 



Table 7.1 1. Summary  of Nuclear Agro-industrial Complexes for Non-United S ta t e s  Loca t ions  
~ _ _ _ _ ~  ~ ~ ~~ ~ 

Internal Ra;e of R e t x n ,  70 Annual 
Producr  Fa rm 

Cap i t a l  Annual 
Far= Fa rm Industry 

Complex Product industry S ize  Water Plan: 
3 0 .  ~m~ [Mw(e;ec:rical)i S u e  ( ~ 2 6 )  

Technology h v e s t m e n t  Operating 

S a l e s  and Incremental  Alone Alone <co:Iars) C o s t s  (dollars) 
(dol lars)  Industry 

x 106 

1653 
1511 
1754 

620 
1080 
200s 

1029 

x 1 0 6  

250 
249 
214 

75 
141 
272 

109 

x 106 

5 34 
510 
533 

146 
291 
588 

2 00 

12.9 
14.5 
15.3 

9.3 
11.5 
13.2 

10.6 16.3 
13.7 16.3 
15.0 17.3 

15 
16 
1 7  

16  
19 

20 

21 

V I  
Vi  
VI 

2070 
2070 
2070 

523 
1046 
2 052 

0 

1250 
1250 
1250 

320 
540 

1280 

1000 

LWR-MSF 
LWR-VTE 
F B R - V T E ~  

LWR-MSF 
LWR-MSF 
LiVR-MSF 

LWR-MSF 

6.9 
10.3 
10.7 

9.7 
12 .7  
16.1 

I 

7.4 Water 
only 

Water 
only 

VI1 
vri 
VILI 

VII 
VI1 

VI3 

22 0 IO03 PSR-VTE 1055 83 2 05 10.i 

236 
2 36 

255 

207 
207 
2 05 

14.6 
8.2d 

16.1 

16.4 
10.4d 
16.4 

10.6 23 
24 

25 

26 
27 
28 

1585 
I585 

15% 

1585 
1535 
i585 

1000 
1000 

1000 

1030 
1300 
1000 

LWR-MSF 
LWR -MSF 

LWR-MSF 

FBR-VTE 
,o BR-VTE 
7BR-VTE 

1781 
1781 

1947 

1876b 
:67bb 
1700e 

5 4s 
422d 

609 

573 
445d 
556 

P 
W 

14.5 

a h d u s t r i a l  product miscs  1 and VI  s a m e  a s  in Tab le  7.6; farm products  a s  in high-value paxe rn  and s c a l e d  :o  water  r a t e .  Droduc? mixes VI( and  VI11 
a re  ( tons iday j :  

VI1 Vi11 

>1U3 1740 Urea i 4 5 3  
p4 755 XH,NO, 1860 
A1 685 Pq 76 5 
C i ,  1500 A1 685 

C a c s t i c  1695 
C a u s t i c  1695 C12 1500 

b E x c e s s  e:ecrrici:y (-1000 Mw) sold to  a i iL ty  giid. 

'Xo industry - 85% s team bypass  to  evaporetor  p k n t .  
dAt export  OT world market price Ieveis, ali other v a l u e s  a re  a: the impor? or 6omes:ic market price levels .  
ello elecrriciry s a l e s  to $rid - 2570 sl-am bypass .  
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17$/1000 gal from LWR-MSF and FBR-VTE combi- 
nat ions respect ively ( s e e  Fig. 4.11). T h e  resul ts  
of t h i s  s tudy appear  t o  ind ica te  tha t  intensive farm- 
ing  of b a s i c  s t a p l e  c rops  with water  a t  these  costs 
is possible  and ,  in  fac t ,  may be profitable for de- 
veloping countries. 

7.5 Typical Layout of Complex 

Figure 7.2 i s  a plot plan of the  industrial portion 
of a typical nuclear  agro-industrial complex a s  
shown in the  Front i sp iece  a n d  is presented here  
to  provide more de ta i led  information than is given 
in  the  ar t is t ’s  drawing and the  accompanying ex- 
planation. A s  indicated previously, i t  includes 
two 1200 Mw(electrica1) nuclear reactors ,  a 2000- 
Mgd seawater  treatment faci l i ty ,  a 1000-Mgd sea- 
water  evaporator plant, three turbine s t a t i o n s ,  and 
industrial plants  to produce 3000 tons of ammonia 
per day from e lec t ro ly t ic  hydrogen (1035 Mw), 1500 
tons/day of elemental. phosphorus (750 Mw), 655 
tons/day of fabr icated aluminum s h e e t  and bar from 
bauxi te  (410 Mw), and 2000 tons/day of chlor ine 
and 2200 tons/day of c a u s t i c  b y  brine e lec t ro lys i s  
(175 Mw). The  de ta i led  l i s t  a t  t h e  top  of t h e  draw- 
ing provides the  legend for the  faci l i ty  numbers on 
[.he plot  plan. 

T h e  overal l  l and  requirements  are about  2 sy 
m i l e s :  about 1 mile from t h e  shore  to the  railroad 
marsha1ing:yard and 2 mi les  from the alumina re- 
fining plant  to the far e d g e  of the phosphorus plant. 
I t  is believed that  t h i s  amount of land will permit 
a n  uncrowded arrangement of the fac i l i t i es  that  a r e  
shown and will a l s o  l e a v e  room enough for t h e  addi- 
tion of severa l  other  fac i l i t i es  (particularly for t h e  
production of fer t i l izers  s u c h  a s  urea, ammonium 
nitrate, diammonium phosphate ,  and  ni t r ic  phos- 
phate), and poss ib ly  a few smal l  p lan ts  for the  pro- 
duction of severa l  o ther  products  such  a s  insect i -  
c ides ,  refractory-grade alumina, and bromine from 
seawater. Larger  addi t ions ,  such  as a n  iron and  
steel plant, a n  a r c  p r o c e s s  acetylerie plant, and 
plants  to  r e c l a i m  potassium s u l f a t e  or chloride, 
gypsum, and anhydrous magnesium chloride from 
seawater ,  including a l s o  the production of mag- 
nesium from the magnesium chlor ide and of sulfur ic  
acid and portland cement  from t h e  gypsum, would 
require additional land. Therefore, a well-planned 
agro-industrial complex should include a t  l e a s t  a 
I-rnile-wide buffer z o n e  between i t s  in i t ia l  indus- 
trial ins ta l la t ions  and the ad jacent  food factory or 

town. T h e  la rges t  p o s s i b l e  industr ia l  land require- 
ment should be t h a t  a s s o c i a t e d  with a so lar  salt  
works. For example, about  40 s q  m i l e s  (25,000 
acres)  would b e  required to  recover 1,000,000 tons  
of s a l t  a year. T h i s  may b e  a good investment, 
however, s i n c e  s a l t  is a commodity in  great de- 
mand, and use of a s e a w a t e r  evaporator effluent 
will cu t  down t h e  land  requirement by 40 to 7076, 
depending on t h e  evaporator  concentration ratio. 

One of the  problems which will need solving for 
such  a complex i s  the  d i s p o s a l  of was te  products. 
For  example, about  6 acres /year  a r e  required for 
red mud d isposa l  (Fig.  7.2, item 56) from the alu- 
mina refining plant  and 60 acres /year  for the phos- 
phorus plant  s lag (83). Air and  water pollution 
could also b e  problems, and  careful design and the  
expenditure of extra  funds to minimize t h e s e  prob- 
l e m s  before they arise may be  warranted. 

tion is mater ia ls  movement, s i n c e  over 10,000,000 
tons  of raw mater ia ls  and products  must be moved 
into and out  of the  complex e a c h  year. Since a n  
agro-industrial complex must  be on a seacoast be- 
c a u s e  of the  seawater  evaporator, a natural or 
ar t i f ic ia l  harbor would permit the receipt  of raw 
materials and shipment  of products  by lower-cost 
ocean  freight. Nearby inland raw mater ia ls  and 
markets must h e  served  by t rucks or by railroad and 
perhaps pipeline; however, the quant i t ies  involved 
almost e l iminate  trucks. Material handling a t  t h e  
docks and within t h e  complex would b e  done a s  
much a s  p o s s i b l e  by conveyors. All three means of 
material transport a r e  shown in Fig. 7.2. 

A common s e r v i c e s  a rea  is shown between the  
evaporators (3) and t h e  s e a w a t e r  treatment thick- 
eners  (10). T h e s e  f a c i l i t i e s  would include such  
serv ices  as  overal l  adminis t ra t ive quarters  for the  
complex; fire, heal th ,  secur i ty ,  and safety facili- 
t ies ;  general s h o p s  and warehouses;  and research 
and development fac i l i t i es .  . 

Final ly ,  the  s e a w a t e r  preevaporation treatment 
system shown is one b a s e d  exclusively on the use 
of caus t ic  (except  for a small amount of hydro- 
chloric acid for f inal  pH adjustment  of the treated 
seawater). U s e  of equimolar amounts of c a u s t i c  
and hydrochloric ac id ,  the  minimum c o s t  system, 
would reduce the number of seawater  treatment 
thickeners  (10) from 6 to  3 .  T h i s  s y s t e m  would re- 
quire 355 tons  of chlor ine and 400 t o n s  of c a u s t i c  
per day, leav ing  1645 t o n s  of chlorine and 1855 
tons  of c a u s t i c  per  day  for sale. Going to all HC1 
treatment would el iminate  a l l  the  thickeners shown. 

Another problem which will bear  much considera- 
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LIST OF FAClilTI ES O R N L - D W G  68-0455 

92. RAILROAD MARSkALLlNG YARDS 
93. COMPLEX ADMINISTRATIVE OFFICE 
94. COMPLEX CAFETERIA 
95. COMPLEX FIRE STATION 
96. COMPLEX D:SPENSARY 8 F!RST AID 
97. COMPLEX SECURITY OFFICE 
98. COMPLEX AUTOMOTIVE ShOP 
99. COMPLEX WAREHOUSES 8 SHOPS 

100. COMPLEX LABORATORY 
101. ELECTRICAL SUBSTATIONS 
102. COOLING WATER TOWERS 
103. SEWAGE TREATMENT PLANT 
104. PRODUCT WATER SURGE BASIN 
135. PRODUCT WATER PUMP k O i l S E  
136. PROTECTIVE 8 REA KWATE R 
107. 
108. 

FUEL OIL  AND GASOLINE STORAGE 
FUEL OIL AND GASOLINE TANKER MOORING 

1. NUCLEAR REACTORS 
2. TURBINE ROOMS 
3. EVAPORATORS 
4. SEAWATER INTAKES 
5. RAW SEAWATER CANAL 
6. TSEATED SEAWATER CANAL 
7. EVAPORATOR EFFLUENT CANAL 
8 .  CANAL TO SALT WORKS 
9. SEAWATER DISCHARGE 

IO. SEAWATER TREATdENT THICKENERS 
11. CaC03 FILTERS 
12. CaC03 DRIERS 
13. C o c o 3  CALCINERS 
14. BURNT LIME STORAGE 
22. FRESrl WATER CONDUIT TO FARk  
23. LiRINE ELECTROLYSIS CELLS 
24. HYDROGEN CLEANUP 

25. C12 PURIFICATION 
26. C12 STORAGE 
27. HCI SYNTHESIS 
26. HCI STORAGE 
29. CAL'STIC PURIF:CATION B CONCENTRATION 
30. 50% CAUSTIC STORAGE 
31. CELL  LIPUOR STORAGE 
32. RAW BRINE STORAGE 
33. BRINE PURIFlCATlON 
3 4 .  BRINE F ILTRATION 
35. PURIFIED BRINE STORAGE 
36. CAilST:C-ChLORINE ADMINISTRATION BLDG. 
37. CAUSTIC-CHLORINE WAREHOGSE AREA 
38. CAUSIIC-CHL0R:NE SHOP AREA 
39. BAUXITE RECEIPT 8 STORAGE 
4F. BAUXITE CRLISdING 
41. CRUSHED EAUXITE STORAGE 

42. BAUXITE CAUS'TIC SLURRY MIXERS 
63. ALUN,iVA DIGESTORS 
44. FLASHERS 8 HEAT EXCHANCERS 
45. ALUMiNA PRECIPITATORS 
46. ALdMINA THICKENERS 
47. ALUMINA FILTERS 
$9. ALUMINA CALCINERS 
49. ALUMINA STORAGE 
50. LIME STORAGE A N 0  CALCINER 
51. RED MUD THICKENERS 8 WASHERS 
52. RED MUD FILTERS 
53. CAUSTIC STORAGE 
54. CAUSTIC RECYCLE EVAPORATOR 
55. ALUMiNA REFINERY SHO?S E, OFFICES 
56. RED MdD DISCARD AREA 
57. ALlJMiNUM SMELTING CELLS 
58. CRYOLITE MAKEUP SUPPLIES 

59. FLUORINE CLEANGP 
60. ANDDE RAW MATERlAL  
61. A?IODE MANUFACTURE 
62. ANODE BAKING 
63. ASODE R03D:NG 
64. ALUM:NUM INGOT CASTING 
65.  ALUMiNUM SHEET E. BAR FABRICATIOA 
66. ALUMINUM P L A N T  SHOPS AND OFFICES 
67. ELECTROLYTIC HYDROGEN GENERATION 
68. AIR LIQUEFACTION 8 FRACTIONAYIOk P L A N T  
6'3. AMMONIA SYNTHESIS PLANT 
73. AMM9NIA STORAGE AREA 
71. PHOSPHATE HOCK RECEIPT STORAGE 
72. ?HOSPhATE MATR:X RECEIPT 8 STORAGE 
73. C O S E  RECEIPT a STORAGE 
74. NODbLIZING KILNS 
75. NODULE STORAGE 

76. COKE DRYING, CRUSHING 8 SCREENING 
77. Pt;OSPHORL'S ELECTRlC  FURNACES 
78. FERFZGPHOSPHOZUS REMOV4L SYSTEM 
79. FURNACE SLAG PITS 
80. ELEMENTAL Pt$OS?HORUS STORAGE 
81. PHOSPHORUS WATER CLEANUP SYSTEM 
a:. PGOSPHORUS W A T E R  SETTLING POND 
83. SLAG DISPOSAL AREA 
54.  FUTURE AREA FOR H 3 P 0 4  & DAP PLANTS 
85.  FUTURE AREA FOR NITRIC PHOSPHATE P L A N T  
86. FUTURE AREA FOR HN03,  NH4N03 6 UREA PLANTS 
87. PIER FOR PHOSPHATE ROCK. MATRIX 8 COKE RECEIPT 

AND SALT, PHOSPHORUS, SLAG AND FeP AND COO EXPORT 
88. PIER FOR CIz,  NoOH, HCI AND NH3 EXPORT 
89. PIER FOR BAUXITE RECEIPT AND A1203 A k D  A I  EXPORT 
90. PIERS FOR AGRICULTURAL PRODJCT EXPORT 
91. AGRiCULTURAL PRODUCT WAREHOLISES 

-Li 

~ i i 

Fig. 7.2. T y p i c a l  L a y o u t  of Agro-Industrial Complex. 



A rneaningful evaluat ion of a n  agricultural-indus- 
t r ia l  (AI) complex requires  a n  a n a l y s i s  of the  con- 
cept i n  relation to real  world condi t ions.  Ideal ly  
this would involve de ta i led  surveys  of a large 
number of spec i f ic  potent ia l  s i t e s ,  but th i s  w a s  
considered t o  b e  beyond t h e  scope of t h i s  s tudy 
project, s i n c e  i t  required much more de ta i led  infor- 
mation than w a s  avai lable .  Consequent ly ,  the  in- 
tent h a s  been to s e l e c t  s e v e r a l  general  areas (lo- 
c a l e s )  which appear  i o  b e  s u i t a b l e  and to provide a 
preliminary d iscuss ion  and  evaluat ion of each.  In 
th i s  W:IJ', ranges  for input  des ign  var iables  c a n  be  
es tab l i shed  which ref lect  real  world condi t ions and 
give some answers to the  following quest ions:  

physical  factors. In th is  p h a s e  of the  s tudy w e  a r e  
concerned primarily with t h e  phys ica l  factors .  In 
principle, farm development cost and income are 
related to physical  land fac tors  under given land 
management prac t ices .  

T h e  sui tabi l i ty  of land for the proposed agricul- 
tural operation wil l  depend on the  cost of reclattia- 
tion and preparation; acceptab le  leve ls  of c o s t  will 
be  influenced by crop y ie lds  and  va lues  as  wel l  as 
water requirement. Consequent ly ,  in evaluat ing 
deser t  land for agriculture, phys ica l  factors  were 
considered i n  t h e  light of development costs. 

T h e  in i t ia l  cr i ter ia  for sc reening  potent ia l  agri- 
cultural a r e a s  for further invest igat ion included 
considerat ion of: 

1. proximily to arid e leva t ion  above  the oc:esn (the 
d e s a l t i n g  plant  requires  a large source  of saline 
w a k r ;  therefore, a r e a s  in  or nea r  t h e  o c e a n s  
were selected);  

1. Are there a r e a s  in  the  world that  sa t i s fy  f.he 
premises  underlying the  agro-industrial complex 
concept?  

2,  Are such unique, or is there a broad appli- 
cabi l i ty  for the concept  throughout t h e  world? 

3.  What impact  would s u c h  a complex have on a 
number of s p e c i f i c  loca les?  

8.1 General Ccnsiderations in Locale Selection 

T h e  major motivating advantage  behind the agro- 
industr ia l  or industrial-only complex i s  t h e  abi l i ty  
to provide low-cost energy in  a n  a rea ,  a lmost  with- 
out regard to t h e  nat ive resources  in the area.  
Thus  the impact  of low-cost  energy generated from 
nuclear power is grea tes t  i n  those  areas where con- 
ventional or potent.ia1 energy costs for conventlorial 
power by hydro or f o s s i l  fuel s o u r c e s  a r e  re la t ively 
high . 

I K ~  the se lec t ion  of su i tab le  loca t ions ,  the primary 
consideratiwi is whether s ign i f icant  on-si te  agricul- 
ture is to be carr ied on, or i f  t h e  complex will 
ceciter on  indhstrial p r o c e s s e s  only. If s ignif icant  

plex, the  :and a r e a  requirements arid t h e  agricul- 
tural requirements are the  dominant parameters and 
almost exclusively determine t h e  se lec t ion  of suit- 

agricul ture  is to b e  conducted at  !.he com- 

2. c l imat ic  condi t ions favorable for t h e  production 
of two or more c r a p s  per  year  ( th i s  limited po- 
ten t ia l  locales to those between 35" north and 
35" south  la t i tudes) ;  

3.  u s e  of land not now under a c t i v e  intensive cul- 
tivation ( this  limited considerat ion to d e s e r t  
and semideser t  a r e a s  receiving less than 15 in. 
annual rainfall); 

4. su i tab i l i ty  of soil and .topography for agricul- 
tural  purposes;  

5. land area  required [ th i s  w a s  est.ablished on the  
b a s i s  of t h e  amount of water  to be produced by 
the d e s a l t i n g  plant ,  for a plant  producing 
1,00r3,000,000 (10') gal of dis t i l led water per 
day ,  the  average  land required is  approximately 
2'75,000 acres ,  o r  425 s q  miles ,  assuming that  
e a c h  a c r e  grows two <:rop:j per year and e a c h  
crop requires  2 f t  of water]. 

In addition, severa l  fac tors  of importance to both 
an agrwindustr ia l  and a n  industrial-only complex 
were considered:  

able locales. T h i s  i s  because  t h e  cons t ra in ts  im-  
posed hy the agricul tural  considerat ions are much 
more rest r ic t ive i n  eval.uating t h e  sui tabi l i ty  of 
complex loca t ions  that1 are t h o s e  concerned pri- 
marily with !.he industr ia l  p rocesses .  

the availability of a sOUPCe of cooling water for 
the  reactor sys tem and  the  industr ia l  p rocesses ,  

the  desirabi l i ty  of f resh water  prodiiction for 
local industr ia l  or municipal n e e d s ,  

2. 

Select ing land for potent ia l  agr icul tural  develop- 
menl encompasses  s o c i a l ,  pol i t ical ,  economic, and 

3 .  t h e  presence  of raw materia!s which are impor- 
tant  to  energy-intensive proposed processes  and 

1.51 
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to competitive p r o c e s s e s  (raw mater ia ls  s u c h  a s  
methane as a souice  of hydrogen for ammonia 
production t o  compete with t h e  proposed process  
of obtaining hydrogen f rom the e lec t ro lys i s  of 
water, and sulfur for sulfur ic  ac id  used  i n  t h e  
wet  acid production of phosphate  fer t i l izers  a s  a 
competitor t o  phosphorus produced via  the  elec- 
t r ic  furnace method). 

Final ly ,  the  genera l  problems assoc ia ted  with 
any large industr ia l  complex were reviewed. T h e s e  
include considerat ion of t h e  transport fac i l i t i es ,  
particularly ava i lab le  harbor fac i l i t i es  or the po- 
tent ia l  for port developrnent and t h e  avai lable  ra i l  
fac i l i t i es .  T h e  type and  proximity of loca l  markets 
for the  products of the  complex are  of importance 
as  wel l  a s  the  avai labi l i ty  of a power grid into 
which surplus  power might be  marketed and from 
which emergency power might be  withdrawn. A dis -  
cuss ion  of t h e  soc ia l ,  pol i t ical ,  and cultural factors  
is a l s o  included in th i s  chapter .  

F r o m  t h e s e  considerat ions,  f ive a r e a s  i n  the 
world were s e l e c t e d  (F ig .  8.1) a s  being typical 
arid c o a s t a l  regions. T h e s e  a re  t h e  w e s t  c o a s t  of 
Australia near Carnarvon, the  Xutch Peninsula  of 
India, t h e  Magdalena P l a i n  of Baja  California, in  
Mexico, the  Sechura Deser t  of t h e  northwest Peru-  
vian lowland, a n d  the  Sinai-Negev Deser t  (of the  
Middle E a s t )  a long  t h e  southeas te rn  Mediterranean 
coas t .  T h e s e  f ive  a r e a s  d o  not exhaus t  the  poten- 
tially su i tab le  a r e a s  in t h e  world, but they d o  ap-  
pear t o  exhibi t  cer ta in  charac te r i s t ics  which a r e  
common t o  most c o a s t a l  deser t s ;  however, e a c h  
locale  h a s  charac te r i s t ics  unique to  i t s  own set t ing.  
Various charac te r i s t ics  s ignif icant  i n  locale  selec- 
tion a re  d i s c u s s e d  below, and e a c h  of the  five se- 
lec ted  locales is evaluated on the  b a s i s  of those  
character is t ics .  

8.2 Characteristics Significant in Locale Selection 

8.2.1 Climate 

In se lec t ing  a r e a s  for potent ia l  appl icat ion of t h e  
agro-industrial complex, many factors  had to  he  
considered. T h e  phys ica l  factors  d i s c u s s e d  i n  th i s  
sec t ion  a r e  limited t o  those  which are espec ia l ly  
s ignif icant  t o  re la t ively undeveloped c o a s t a l  d e s -  
er ts .  

‘P. Meigs, “Geography of Coastal  D e s e r t s , ”  Series 
No. 23 in Arid Zone Research, UNESCO, 1966. 

Differences in  temperature not only influence the 
choice of crop to be  grown, but a l s o  t h e  time of 
plant ing of t h e  crop for e a c h  locale .  Wheat, for ex-  
ample, is s e n s i t i v e  to  high temperature and hu- 
midity; sowing of wheat would therefore be timed 
so that  i t  will reach maturity before too  high tem- 
peratures a r e  reached. For some crops,  night tern- 
peratures a re  important. For ins tance ,  tomatoes d o  
not s e t  their  fruit with night temperatures above 
72°F or below 50°F; hence  the spec i f ic  temperature 
requirements of var ious c rops  (thermoperiodism) 
must be  considered i n  s e l e c t i n g  s i t e s  and crops.  

T h e  se lec t ion  of crops and var ie t ies  will a l s o  
depend on day length; th i s  c l imat ic  factor  depends  
on latitude. For  example, soybean  is generally a 
short-day plant, but various var ie t ies  of t h i s  crop 
differ widely in response  to  re la t ive  length of day  
and night (photoperiodism) between emergence to  
flowering, and from postflowering t o  maturity. 

Although natural  precipi ta t ion is limited in  the  
se lec ted  loca les ,  i t s  distribution will have a s t rong 
inf luence on irrigation s c h e d u l e s  and water  usage.  
Other c l imat ic  factors  which inf luence plant  growth 
and crop production include wind, l ight  intensi ty  
and quality, re la t ive humidity, and fog.’ All t h e s e  
cliiiiatic factors ,  with their  interrelat ionships  and 
inf luences,  require invest igat ion prior to  the  imple- 
mentation of a n  agro-industr ia l  complex. Thus  a n  
experimental research farm or t e s t  s ta t ion  should 
be  es tab l i shed  a t  a n  ear ly  s t a g e  to develop the 
best  farming sys tem for deser t  irrigated agriculture 
for e a c h  locale .  

8.2.2 Soi ls  

T h e  dry or very dry and irregular c l imate  of arid 
zones  produces soils which a r e  commonly shal low 
i n  depth, have  so luble  s a l t s  in t h e  profile, a r e  low 
in organic matter and rich in  primary minerals, and 
have poorly def ined s t ructures .  T h e s e  characier-  
i s t i c s  differ depending on a g e ,  parent material, to- 
pography, vegetat ion,  and cl imate .  T h e  origin of 
the parent  material is of particular s ignif icance to  
the  loca les  for our  s tudy  because  t h e s e  s o i l s  a r e  
derived from mater ia ls  which have  been transported 
to  the  area from elsewhere.  T h e  mater ia ls  of the  
deser t s  of India, Mexico, and Peru ,  for example, 
were transported from higher e leva t ions  by rivers 

__.- 

’C. P. Wilsie. Crop Adaptation and Distribution, W .  €3 
Freeman and Co., San Francisco, Calif.,  1962. 
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and s t reams and  deposi ted in  areas subsequent ly  
ra ised above  t h e  ocean  level .  In the  Sinai-Negev 
Desert, m o s t  of t h e  s o i l s  a r e  derived from depos i t s  
of material carr ied by wind, while  in  Austral ia  t h e  
s o i l s  appear  t o  have  been  transported from higher 
e levat ions and subjec ted  t o  weather ing under a 
more humid condition than that  now prevailing. 
Thus,  in t h e  s e l e c t e d  a r e a s ,  s o i l s  normally have  
deeper  unconsolidated mater ia ls  than their d e s e r t  
counterparts formed on crys ta l l ine  rocks. 

T h e  soils frequently found in  t h e  l o c a l e s  s i tua ted  
in  deser t  and subhuinid regions inc lude  red deser t s ,  
s ierozems,  reddish browns, ar id  red ear ths ,  dunes ,  
solonchaks,  and  so lone tzes .  T h e  red d e s e r t  and  
s ierozem s o i l s  are generally formed under 4 t o  10 
in. annual  rainfall; t h e  low rainfall r e s u l t s  in  min- 
imal profile development. T h e  reddish-brown s o i l s  
a re  found i n  a r e a s  of higher  and irregularly dis t r ib-  
buted rainfall (10 t o  15 in./year) and a r e  usual ly  of 
heavier (clayey) texture. Lime,  i f  present ,  is usu- 
a l ly  leached  from t h e  sur face  and  accumulates  at 
about 15 t o  30 in .  below t h e  sur face ,  and  gypsum 
and so luble  s a l t s  accumulate  a t  d e p t h s  greater than 
30 in. Arid red ear th  is unique to Austral ia  and 
represents  a soil which h a s  once  undergone devel -  
opment under more humid condi t ions than now ex- 
isting. Arid red ear ths  a r e  a c i d  i n  reaction, i n  con- 
trast t o  neutral t o  a lka l ine  reac t ions  of the other  
soils. Dunes a re  a n  accumulat ion of s a n d s  blown 
to a n  area by wind. Solonchaks a r e  s a l i n e  soils 
where t h e  so luble  salt c,ontent i n  a sa tura ted  p a s t e  
is suff ic ient  t o  give conduct ivi ty  readings above 4 
millimhos/cm at 25OC. Solonetz soils have  a low 
so luble  s a l t  content ,  but  t h e  adsorbed ca t ions  on 
the c l a y s  contain over  15% sodium. T h e  la t ter  con- 
dition c a u s e s  d ispers ion  of t h e  c l a y s ;  t h e  s o i l s  
have low permeability and  a r e  difficult to manage. 
Solonchak and so lone tz  soils require reclamation 
before optimum yie lds  c a n  be  e x p e ~ t e d . ~  

Most c rops  are adverse ly  affected by t h e  pres-  
e n c e  of e x c e s s  so luble  salts.’ Soi ls  containing 
t h e s e  s a l t s ,  mostly sodium chlor ide,  must b e  re- 
claimed by leaching  prior t o  being placed in  pro- 
duction. At s u c h  a s i t e ,  water a t ,  for example,  
$33.00 per acre-f t  (10~/1000 gal) is t h e  most ex- 
pensive item i n  reclamation by leaching;  hence  

3G. Aubert, “Arid Zone Soils,” pp. 115-37 in The 
Problems of the Arid Zones,  Series No. 18, UNESCO, 
1966. 

Saline and Alkaline Soils,” Agricultural Handbook No. 
60, USDA, Washington, D.C., 1954. 

4L. A. Richards,  ed., “Diagnosis and Improvement of 

economics wil l  determine whether land reclamation 
is feas ib le .  Also,  a n a l y s i s  i s  required for s u c h  
toxic e lements  as  boron, lithium, and selenium, 
though limited d a t a  from t h e  l o c a l e s  sugges t  that  
t h e s e  ions  wil l  not pose  problems in  t h e  s e l e c t e d  
areas. 

T h e  prediction of drainage requirements is cru- 
cial in  s e l e c t i n g  land for irrigation. Major c o s t s  
are incurred when subsur face  drainage is required. 
Costs of drainage s y s t e m s  vary with spac ing ,  depth 
of placement ,  s i z e  of p ipes ,  and type of drainage. 
For  example,  with a sys tem having 200-ft s p a c i n g  
with 4-in. drain t i l e  4 ft deep ,  t h e  c o s t  i s  about  
$100.00 per acre .  For  a l l  l o c a l e s ,  suff ic ient  infor- 
mation for preliminary es t imates  of drainage re- 
quirements is lacking. 

s c i e n c e s  and  technologies ,  t h e s e  edaphic  ( so i l s )  
factors  should not be  s t rong  deterrents  i n  develop- 
ing  a region. Soi ls  today have  a l e s s e r  role in  de-  
termining productivity than previously,  and the  
leve l  of technology of a soc ie ty  may dec ide  t h e  
sui tabi l i ty  of a s o i l  more than i t s  na t ive  character-  
i s t i c s .  

With t h e  advance  already made in  t h e  agricultural 

8.2.3 Topography 

T h e  major topographic fea tures  which determine 
sui tabi l i ty  of land for irrigation a r e  s l o p e ,  relief, 
and elevat ion.  In de l inea t ing  land for potent ia l  
s i t e s ,  soils’on level ,  gently undulating, or undu- 
la t ing  landscape  ( c l a s s e s  A and B)6 were given 
priority. T h e s e  landscapes  generally have  low 
so i l  e ros ion ,  and they permit the  u s e  of all types  
of ordinary agricul tural  machinery without diffi- 
culty. Soi l s  of a l l  s e l e c t e d  locales had s l o p e s  
generally less than 576, thus  meeting t h i s  require- 
ment. 

In general ,  soils a s s o c i a t e d  with e x c e s s i v e  re- 
lief a r e  l i thosol ic  (rocky) and a r e  too shal low for 
crops t o  provide optimum yie lds .  T h e s e  a r e a s  were 
avoided in  es t imat ing  land  area  avai labi l i ty .  T h e  
elevat ion of i r r igable  land  wil l  affect t h e  c o s t  of 
del ivered water. The  operat ing cost for pumping us- 
ing power a t  5 mills/kwhr and a 65% pump eff ic iency 

’5. T. Moletic and T. B. Hutchings, “Selection and 
Classification of Irrigahle Land,” pp. 125-73 in  1rriga.- 
tion of Agricultural Land, No. 11 in Agronomy Series, 
American Society of Agronomy, 1967. 

tration, U.S. Department of Agriculture, Handbook 18, 
1951. 

6Soi  I Survey hfanua I, A gric ult ura 1 Research  Adminis - 
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factor w a s  est imated to be  0.23$/1000 ga l  per 100 
i t  of lift. 'The locale of h ighes t  e leva t ion  w a s  600 
ft in  Peru .  However, i l  is bel ieved t h a t  with bet ter  
definition of land a r e a s  now in productive use ,  land 
a t  t h e  lower e leva t ions  could be  ut i l ized in Peru .  

8.2.4 Water Resources 

Only l i m i l  e d  information on t h e  groundwater re- 
s o u r c e s  of c o a s t a l  d e s e r t s  was avai lab le  for this 
s tudy.  It appears  tha t  i n  most cases where water  
is ava i lab le ,  irrigation agriculture is already prac- 
ticed, hiowever, t h e  poor qual i ty  or t h e  limited 
quantity of water h a s  res t r ic ted development. 
T h e s e  sitm may not only benefi t  from addi t ional  
water but may prove even more valuable  as poten- 
tial s i t e s  because  of t h e  poss ib i l i ty  of subsur face  
s toragp  of water  during per iods of reduced demand. 

$2 .5  Mineral Resources 

T .  I he  p r o c e s s e s  s e l e c t e d  for t h e  industr ia l  a s p e c t s  
of a complex a r e  primarily those  which are energy 
intensive.  Of t h e s e  p r o c e s s e s ,  two which a r e  de- 
pendent on mineral d e p o s i t s  and appear  to be most 
promising a r e  aluminum production from bauxi te  
and e lementa l  phosphorus from rock phosphate .  
Other p r o c e s s e s  d i s c u s s e d  in  Chap.  5 of th i s  report 
but of l e s s e r  importance to the  complex and in  lo- 
cale se lec t ion  a r e  the  production of ammonia, iron, 
sa l t ,  and  caustic-chloririe. A survey oE t h e  re- 
s o u r c e s  within t h e  country of t h o s e  l o c a l e s  s e -  
lec ted  €or t h e  agro-industrial complex w a s  made t o  
loca te  indigenous raw mater ia ls  for t h e  complex 
and, particularly, sources  ot bauxi te  and phosphate  
rock. Included in t h e  resources  survey  were oi l ,  
natural gas ,  coa l ,  and iron. Coal ,  oil, and g a s  
affect  the cost of competi t ive energy and  the  pr ice  
of hydrogen. T h e  information obtained represents  
that  which was readily ava i lab le  and is not t h e  re- 
s u l t  of a n  exhaus t ive  l i terature  survey of t h e  en t i re  
r e s o u r ~ e s  of a nation. T h e  qual i ty  of the  raw ma- 
ter ia l  and the  mining c o s t s  were in  general  not 
avai lable  for t h i s  s tudy ,  and s u c h  information 
would b e  required for a detai led eva lua t ion  of a 
pat t iculat  locale. It i s  des i rab le  tha t  the raw mate- 
r ia ls  required for the  major p r o c e s s e s  proposed for  
the complex be  readily avai lable ,  and of course  t h e  
p r o c e s s e s  in  turn would b e  inf luenced by the avai l -  
ab le  raw mater ia ls .  T h e  production of 250,000 tons  

of aluminum per year  requires  about 1,000,000 tons  
of bauxi te  annually. Similarly, product.ion of phos-  
phorus in the quant i t ies  sugges ted  in Chap. 5 wil l  
require 5,000,000 t o  6,000,000 tons of phosphate  
rock, coke ,  and other  materi+ annually. 'l'he 
quant i t ies  of other  resources  required were signif- 
icani-ly less than for aluininurn arid phosphorus and 
did not have a s t rong  inf luence c n  loca te  select ion.  
The avai labi l i ty  of sulfur within a country also in- 
fluenced the economics of the  e lec t r ic  furnace pro- 
duction of phosphorus (see Chap. s>. 

8.2.6 Transport Facilities 

,- 1 he complex us ing  2500 M W  of electr ic i ty  wil l  
require between 10 x PO6 and 15 x 10' tom of m a -  
ter ia l  i o  be shipped in  and  out of the  facility e a c h  
year. If on-si te  agriculture is part of t h e  cornplex, 
a n  addi t ional  seve ta l  million tons of agricultural 
product m u s t  be shipped out of t h e  complex. 'Table 
8.1 l i s t s  a typ ica l  s e t  of products and raw rnate- 
r ia l s  for  a n  agrtrintlustrial complex. T h e s e  quan- 
t i t i es  of material wil l  require that  ex tens ive  facili- 
ties for  transport handl ing be avai lable .  Products  
and raw mater ia ls  procured from inland points  must 
be  transported by rail o r  by barge to the complex. 
It is expec ted  that  t h e  greater part of t h e  tonnage, 
however, will enter  and l e a v e  t h e  complex v ia  the 
harbor. 

capable  of handl ing approximately 15 x I O 6  tons /  
year (18% of the tonnage handled by the  Port  of 
New Uork) h a s  been est imated at approximately 
$35 to $50 million (subject  to wide var ia t ions de- 
pending on loca l  conditions). 
locat ions t h e  harbor and  port fac i l i t i es  mus t  be  
c:onstructed e s s e n t i a l l y  from scra tch .  If nearby 
port f a c i l i t i e s  a r e  ava i lab le  which c a n  b e  enlarged 
to meet the  requirements, this would probably be  
advantageous.  T h e  port faci l i ty  s h o u l d  be at t h e  
complex to el iminate  the  c o s t  of transshipment of 
material between port and complex. 

Whether the requirement for good natural  harbor 
fac i l i t i es  c a n  be  sa t i s f ied  for a n  agro-industrial 
conp1c.x is uncertain,  s i n c e  the agricul tural  param- 
e t e r s  largely control the  complex locat ion.  T h e  
presence  of a protected natural  deepwater  harbor 
would materially reduce dredging and breakwater 

Harbors. .- T h e  cost of providing a harbor faci l i ty  

For remote complex 

7 ~ a ~ p ~ i  M. ~ s r s v n s  Company. Rationale for Complex 
Support Cost Est imate ,  OI?NL-AXSP-1-167 (1967) 
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c o s t s .  Provis ions  for anchorage of s h i p s  would 
have  to  b e  made. 

T h e  increasing trend t o  t h e  larger cargo carr iers  
and tankers  should be  accommodated in  t h e  harbor 
and port fac i l i t i es .  Ship turnaround t ime in  t h e  
harbor must be minimized and anchor  fac i l i t i es  pro- 
vided for periods when ber ths  a r e  not avai lable .  
Table  8 .2  i temizes  the major harbor and port fa- 
ci l i ty  components and c o s t  es t imates  for a harbor 
facility capable  of handl ing the  tonnages and ma- 
te r ia l s  l i s ted  in  Table  8.1. 

Table  8.1. Products and Raw Moter ia ls  for o n  Agro- 

Industrial Complex 

A. Industrial Products 

Maximum 
Production Quantity 

Rate  Raw (tons/day) Product 

( tons/day) 

Ammonia 3000 

Phosphorus 1500 Coke 2,000 

Phosphate rock 13,000 
Silica rock 3,800 

Aluminum 7 00 Bauxite 2,750 
Petroleum coke 350 

and pitch 

2250 2ooo I Chlorine 
Caus t ic  7,500 

Salt  2 700 
I ...... .... 

8. Farm Products 

IIigh-profit system (Chap. 6)  
~ ~ .... 

Maximum 
Production 

Kate 
(tons/yenr) 

Product 

-..I--.~......I. .. . . . . . . . . 

Wheat 770 x i o 3  
Po ta toes  1435 X l o 3  
Tomatoes 300 X l o 3  
Cotton 91 x 

Oranges 220 x i o 3  
Beans  285 x i o 3  

BIncluding cottonseed. 

Table 8.2. Cost  Esiirriates for Harbor and Port  Fwci l i ty  

Component Cos t  

Phosphorus plant dock $ 5,000,000 

General industrial  dock 3,500,000 

Aluminum plant dock 3,000,000 

Farm and community docks 10,000,000 

Dredging (if harbor shallow) 6,000,000 

Breakwater (if harbor unprotected) 12,000,000 

Tanker nio orings 100,000 

Port  facil i ty boats 1,800,000 

Bauxite unloader facil i t ies 1,000,000 

Phosphate  rock unloading facil i t ies 3,500,000 

Ammonia loading l ine 2 50,000 

Phosphorus loading 400,000 

Chlorine loading 80,000 

Salt handling facil i t ies 2,000,000 

The  es t imates  included i n  T a b l e  8.2 a r e  only of 
a preliminary nature. Comprehensive e s t i m a t e s  a re  
obviously s t rongly dependent on the  harbor poten- 
t ia l  of the locale .  Newer techniques for providing 
harbor protection involving wave dampers may a l s o  
be feas ib le .  

W P ~ ~ T Q C P ~ B .  - Standard or broad-gage railroads 
connect ing t h e  complex with the  neares t  railhead 
and with t h e r a i l  network of the  country may have 
to be  provided. In t h e  event  tha t  t h e  complex loca-  
tion is many hundreds of miles from a n y  rai l  net- 
work, t h e  c o s t  of s u c h  l i n e s  may be prohibitive, 
and connect ing rail l i n e s  would probably not b e  
constructed.  Construction c o s t s  for rai l  beds vary 
great ly  with terrain, '  but a va lue  of $200,000 per 
m i l e  including necessary  t r e s t l e s ,  e tc . ,  ' h a s  been 
used for es t imat ing  purposes .  

If indigenous raw mater ia ls  a r e  to  be considered 
for u s e  i n  the complex, then t h e s e  often must be  
transported by rail.  If the  complex is remotely lo- 
ca ted  and this  is t h e  major reason for requiring rail 
construct ion,  then the capi ta l  c o s t s  of s u c h  con- 
s t ruct ion should be  included i n  the  to ta l  c o s t  of 

'Personal communications, Office o f  Chief of Engi- 
neering, Southern Railway, Atlanta, Ga. 
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the  project. In t h e  case of a capt ive  rai l  l ine  be-  
tween the complex and  a source  for raw material, 
t h e  c a p i t a l  c o s t  for t h e  rai l  rol l ing s t o c k  may also 
be charged to the complex. T h e s e  amortized cap-  
i ta l  charges  must ultimately b e  ref lected in  the 
manufacturing c o s t s  for t h e  products  u s i n g  t h e  fa- 
c i l i t i es .  

In the case of complexes located i n  a r e a s  well 
se rved  by rail,  t h e s e  costs a r e  not  present .  It 
should be  recognized tha t  i n  many developing coun- 
tries, ra i l  car  carrying c a p a c i t i e s  a r e  much below 
those  in  the  United States;  therefore some accom- 
modation must  be  made for th i s .  It i s  assumed that  
the  trend toward t h e  broad-gage rai l roads will con- 
t inue and tha t  c a r  carrying c a p a c i t i e s  equivalent  to  
those  in t h e  United S ta tes  today (currently of t h e  
order of 100 tons) wil l  b e  f e a s i b l e  i n  t h e  l o c a l e s  
considered.  

Power Grids. - In its s imples t  form the  energy 
center  complex could produce only t h e  raw mate- 
r i d s  of energy and water. T h e s e  commodities 
could then be  transported to  a r e a s  of need and  then 
used  a t  those  points .  T h i s  would require the con-  
s t ruct ion of power l ines  and p ipe l ines  and t h e  
t ransmission of the commodities. T h e  techniques 
for s u c h  transport a r e  wel l  defined, and the  c o s t s  
a r e  well understood. T h e  t ransmission costs 
would tend t o  negate  t h e  advantages  of low-cost 
energy and  water  gained by scale and locat ion.  To 
circumvent t h i s  problem t h e  concept  proposed i n  
th i s  report envis ions  not only the generation of 
power and water  i n  a r e a s  where l i t t l e  or none pres-  
ent ly  e x i s t s  but t h e  construct ion of t h e  fac i l i t i es  
for consuming t h e  power a n d  water  direct ly  a t  t h e  
complex site. T h e  products  from the  industry and 
t h e  farm which a r e  es tab l i shed  have  t o  b e  t rans-  
mitted to the i r  point  of u s e  - their  market area.  
The problem becomes o n e  of t ransmit t ing industr ia l  
and agricul tural  products  ins tead  of water  and elec- 
tricity. 

It should  be  recognized, however, that  i f  t h e  com- 
plex is relat ively close t o  a n  ex is t ing  power net- 
work, a grid t ie l ine  would b e  of mutual benefi t  i n  
providing s ta r tup  and  emergency power t o  t h e  com- 
plex or in  t ransmit t ing low-cost power from the 
complex to t h e  e x i s t i n g  grid. 

8.2.7 Markets 

The s e l e c t i o n  oE ar id  coastal regions of re la t ively 
low population densi ty  as s u i t a b l e  locales for t h e  

agro-industrial complex generally l imits  the market 
potent ia l  direct ly  around the complex because  there 
are usual ly  limited industrial, commercial, and  ag- 
ricultural ac t iv i t ies  other  than t h o s e  a s s o c i a t e d  
with t h e  complex. T h i s  means tha t  t h e  v a s t  ma- 
jority of agr icul tural  and industr ia l  products must 
be transported s ignif icant  d i s t a n c e s  to  t h e  market 
a reas .  The locat ion and s i z e  of t h e  markets and 
the c o s t  o f  transport determine to  a la rge  degree 
the  marketability oE t h e  various products. T h u s  
t h e  potent ia l  market a r e a  for a locale is of funda- 
mental importance to t h e  evaluat ion of a locale., 
No at tempt  w a s  made in t h i s  s tudy  to perform a 
market a n a l y s i s  for e a c h  of t h e  locales considered,  
but a n  examination of some o f  the important factors  
which would influence the market is relevant. 

T h e  c o s t  of t ransport ing commodities is a com- 
plex funct ion of d is tance ,  transport medium, type 
of commodity, compet i t ive posi t ion of the  transport 
medium, and leg is la t ive  e f f e c t s  on transport c o s t s .  
In general, however, for t h e  t.ransport of bulk com- 
modities (ores, grains ,  and coa l )  in  t h e  United 
Stat.es the c o s t s  indicated i n  Table 8.3 convey the 
range of transport c o s t s  one might encounter. 

ammonia or phosphorus i n  rail tank c a r s  may be  as 
high as 3 to 4$/ton-mile. An indicat ion of the ef- 
fec t  of transport costs on t h e  c o s t  per ton of 
product as a function of the d is tance  transported i s  
shown in F ig .  8.2. T h e  fi.gure permits a deterruina- 
lion of the added c o s t  a t t r ibutable  to ptoduct t rans-  
port. Products  having higher transport c o s t s  and 
those  having a relat ively low dol lar  value per unit 
weight  a r e  particularly s e n s i t i v e  to t h e  transport 
cost .  In a t tempting to  assess t h e  advantages  of 
t h e  complex over t.he smaller  individual plants  
which may be  loca ted  nearer t h e  market a r e a s ,  a 
number of fac tors  must be considered:  

1. l ine  haul  transport c o s t s  for the  product to the  
market area;  

T h e  c o s t  of shipping products  s u c h  as  liquid 

Table 8.3. Transport Costs  

Transport  Medium Cost Range ($/ton-mile) 

Oceangoing ship  0,15--0.2 5 

Barge 9.4-0.6 

Train 0.8-1.25 

Truck 6.5 



158 

2. cap i ta l  c o s t s  for the  instal la t ion of transport 
fac i l i t i es ,  including handl ing fac i l i t i es  for inar- 
ket ing t h e  product in the  area;  

3. c o s t s  assoc ia ted  with t h e  s torage of the  product 
in t h e  market area prior t o  final distribution. 

1 h e  f inal  product c o s t  in the market area i s  a 
function of the  c o s t s  resul t ing from t h e  above con-  
s iderat ions,  and t h i s  in turn determines the  area 
within which the  product may be  competitive with 
al ternate  plant  locat ions.  A breakdown of t h e  
c o s t s  according t o  the  above ca tegor ies  c a n  then 
be approximately expressed  in terms of transport 
c o s t s  per ton-mile. A comparison of t h e  advan- 
tages  of lower production c o s t s  in  a large complex 
as compared with a number of small  p lan ts  d i s -  
persed with respec t  to  markets is shown in Fig. 
8.3. Also shown in t h e  figure i s  t h e  added product 
cost per  ton a s  a function of transport c o s t  in mills 
per ton-mile. T h e  transport c o s t  range for  ammonia 
i s  a l s o  indicated.  P lo t ted  as  horizontal dashed  
l ines  a re  c o s t  different ia ls  between ammonia pio- 
duction for a 3000-ton/day plant  a t  the  complex 
operat ing with 2-mill power and a 600-ton/day plant 
operating with 2-mill and also with 3-mi l l  power. 
'This figure then ind ica tes  that  t h e  market radius  
within which ammonia produced a t  a complex could 
be competitive with tha t  produced with electrolyt ic  
hydrogen i n  a smaller  plant i s  limited to about 200 
miles for rail shipments .  i f  the  e lec t r ic  power c o s t  

. ?  

i s  3 mills/kwhr for the  smaller  plant, then the  
inarket radius i s  600 to 700 miles. However, a s  
shown in Chap. 5 of this  report, a t  power c o s t s  
above 3 mills  the production of hydrogen by e lec-  
t rolysis  d o e s  not appear  competitive with other 
methods, and the  comparison would h a v e  to  include 
hydrogen from other sources .  'The f igures  d o  indi- 
c a t e  how the  economic litnits for sa t i s fy ing  internal  
markets within a country from large c o a s t a l  com- 
p lexes  may be determined. T h e  s ignif icant ly  lower 
transport c o s t s  via  ocean  tankers  or barge carr iers  
offer opportunities for sh ipments  from the  complex 
to market a r e a s  near other harbor ins ta l la t ions .  

Figure 8.1 is a geometric representat ion of typ- 
ica l  considerat ions which [nust be made i n  a market 
ana lys i s .  The rectangle  represents  a coiintry, and 
point C represents  the  complex locat ion,  so that  
market a r e a s  might be represented by t h e  le t tered 
zones  as  shown on the figure. T h e  radius  for eco-  
nomic shipment of products is a function of d is -  
tance,  type of transport, and a capi ta l  c o s t  a l loca-  
tion factor  which includes c o s t s  a t t r ibutable  to 
capi ta l  transport faci l i ty  expendi tures  and s torage  
and handl ing c o s t s  a t  market locat ions.  The  
market radius  a t  t h e  complex C and a t  other con- 
suinption and distribution c e n t e r s  a ,  h, d, and c 

may be different  for e a c h  product. The potential 
world market will of course be  dependent  on t h e  
f.0.b. product pr ice  a t  t h e  complex. 

F i g .  8.2. Transport  C o s t  a s  a Funct ion of L i n e  Maul Cost  and Shipping D is tance .  
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COS1 UITFLRENI IAL  OF CCMI'LEX 
TO INDIVIDUAL PLANT 

Fig.  8.3. Economically Feasible Distance of Transport of Ammonia as a Function of Praductian C a s t  Dif ferent ial  

Bosed on a 600-ton/day Ammonia P lant  a t  the Market and a 3000-ton/day P lant  a t  a Complex. 

di f ferent ial  casts o t  2 ond 3 mills/kwhr power c o s t s .  
Dotted lines indlcate 

ORNI.-BVG 68 -92A 
COASTLINE 
LAP,ID BORDER ---I- 

- - - - - - - ... - .- - - - - - - - ._. .. - 
I 
I I 
! I 
i I 

I LAND I 

_ -MARKET AREA 

C- COMPILEX LOCATION 
= POPULATION DENSITY, MARKET ARELA, AND PORT FACILITY 

MARKET RADIUS ( r , )  = F-UNCTION OF PRODUCT I-YPE 
r , = = f ( x )  i- f ( y )  c f(2) 
x = L A N D  TRANSPORT DISTANCE, y =  'NKIER TRAhlSPOKT LjlSTANCE 
I -  CAPITAL COS7 ALLOCATION OF SPECIAL TR/ANSPOf?'T, HAND!.ING, 

AND STORAGE FACILITIES 

Fig. 8.4. Considerations R e q u i r e d  in Market Analysis.  See text  for explonat ion,  
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The  ef fec ts  of transport c o s t s  on  marketability 
depend to  a large extent  on product value per unit 
weight. For aluminum, for example, with a product 
value of approxiinately $500.00 per ton,  transport 
c o s t s  of $10.00 or $20.00 per ton may not be ex-  
c e s s i v e ,  but siliiilar charges  for bulk material s u c h  
as sol id  fer t i l izers  or other low-value material 
could not be tolerated.  
for the  higher-cost products a r e  l e s s  affected by 
trarisport considerat ions.  

is des i rab le  in general to  reduce the  product form 
to the  most concentrated product value. 
more economical to sh ip  phosphorus in the  e le -  
inental form than as  a phosphate  fer t i l izer .  Simi- 
larly, for agricultural products, p rocess ing  of foods 
to  a form having a higher dollar value per unit 
weight would be desirable .  For example,  c i t rus  
and tomato products would probably be  processed  
a t  t h e  complex to  less -per i shable  and higher-valued 
products before shipment to markets. 

Thus ,  in general, markets 

In order to  rcduce transport and s torage  c o s t s ,  i t  

T h u s  i t  i s  

8.3 Characteristics of Selected Agra-lndeostri~~l 
Locales 

T h e  loca t ions  of the  f ive  a r e a s  se lec ted  for eval-  
uation a re  shown in F ig .  8.1. All the  local, " s  s a t -  
isf ied t h e  ini t ia l  cr i ter ia  es tab l i shed  for potential 
development of on-si te  agriculture. Time limita- 
t ions prevented investigation of more loca les ;  and, 
even for t h e  se lec ted  loca les ,  paucity of da ta  for 
some fac tors  left much to be  desired.  E,ach locale 
must be invest igated in  much greater detai l  before 
final dec is ions  c a n  be made regarding t h e  potent ia l  
€or ac tua l  development; nevertheless ,  t h e  consider- 
a t ions  given here  will a id  i n  def ining thos, - areas 
which require better definition and character iza-  
tion. 

T a b l e  8.4 summarizes  the  charac te r i s t ics  s ign i f -  
icant  i n  agriculture for the f ive loca les  considered.  
In ORNI,-42?3 ( to  be published) the charac te r i s t ics  
of e a c h  loca le  are descr ibed  in  greater detai l .  In 
addition t o  the  f ive  agro-industrial loca les ,  addi-  
t ional  a reas  potentially s u i t a b l e  for industrial-only 
complexes are a l s o  included. 'I'he following para- 
graphs mainly descr ibe  the contrast ing f ea tu ies  of 
t h e  loca les  which thereby i l lustrate  t h e  different 
condi t ions ex is t ing  in different  areas of the world. 

Of the f i v e  loca les ,  the Sinai-Negev a r e a  is sub- 
jec t  to  occas iona l  f rost  condi t ions during the 

winter months. 
suffer occas iona l  f rost  condi t ions,  though the in- 
formation i s  s c a n t  for th i s  region. T h e  remaining 
loca les  enjoy frost-free growing condi t ions through- 
out the  year .  India is marked by the  d is t inc t  anniial 
monsoon s e a s o n ,  which contr ibutes  s ignif icant  
rainfall.  Over 90% of the  annual  rainfall of 13.9 in. 
fa l l s  during t,he months of June through September. 
In the  Mexican loca les ,  hurr icanes of one-per-year 
frequency are  expeKjenced, generally in  September. 
In contrast  t o  t h e  summer monsoon rain of India, 
the predominant rainfall i n  the Sinai-Megev region 
and in  Western Australia is during the  winter 
months. In regions where in tense  rainfall per iods 
ex is t ,  careful  planning of cropping c y c l e s  is r e -  
quired to minimize crop and soil l o s s e s .  

Peruvian and Mexicari l o c a l e s ,  a r e a s  of solonchaks 
have been mapped. In India the reddish-brown 
s o i l s  a re  a s s o c i a t e d  with regur s o i l s ,  and t h i s  as-  
soc ia t ion  implies  compact subsurface condi t ions in 
the  reddish-brown soils. T h e  presence  of a l l  t h e s e  
soils and s o i l  condi t ions s u g g e s t s  the  need for 
more de ta i led  s o i l  information, with close at tent ion 
to land reclamation needs .  In  addition, information 
on subsur face  geologic condi t ions i s  s c a n t  for a l l  
loca les ,  and if water  s torage  i s  contemplated i n  
underground formations, much more information will 
be  required. 

The  locales are not rich in mineral resources .  In 
t h e  Peruvian loca le ,  phosphate  ore  is being devel- 
oped. In t h e  Sinai-Negev loca le ,  the neares t  phos- 
pha te  ore is 100 miles  away. In India, bauxi te  is 
avai lable  i n  the  Kutch Peninsula ,  but l i t t l e  infor- 
mation on quality of the  depos i t s  was avai lable .  
Transport fac i l i t i es  must be developed a t  all of the  
locales to  accommodate the  iliiport of raw mater ia ls  
and export of goods. None of the  locales h a s  ex- 
i s t ing  fac i l i t i es  capable  of handl ing t h e  ant ic ipated 
loads from the complexes. 

l h e  Mexican l o c a l e s  may also 

Shifting sand  d u n e s  occur i n  a l l  loca les .  In the  

8.4 Charectcri s t i c s  of Selected Industrial  l a c a l e s  

If industrial-only complexes a re  t o  b e  considered,  
there  are many a r e a s  iri the world where favorable  
condi t ions e x i s t  for their locat ion.  A number of 
potentially s u i t a b l e  areas are l i s ted  i n  ORNI,-42?3, 
s p e c i a l  considerat ion be ing  given t o  s i t e s  in t h e  
general  a r e a  of t h e  agro-industrial loca les .  In addi- 
t ion,  information on Flor ida and Moroccan l o c a l e s  
is given. In general ,  the  agro-industrial loca les  
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are  i n  remote a r e a s  with limited transport fac i l i t i es  
or markets. 
a b l e  potent ia l  irrigation agriculture. They  are  
often neither particularly c l o s e  t o  major power 
networks nor t o  mineral resources .  B e c a u s e  the 
land area requirements for t h e  industrial-only com- 
plex a re  minor  re la t ive t o  t h e  agro-industrial com- 
plex, the  former c a n  be located nearer large popula- 
tion centers  without evict ing la rge  numbers of 
people. 

In both agro-industrial and industrial-only com- 
plexes ,  de ta i led  examination of a l l  t h e  influential 
factors  w a s  not carr ied out. Obviously, further 
s t u d i e s  must be made to  permit bet ter  evaluat ion of 
locales. It should be  emphasized that  in contrast  
to  t h e  production of industr ia l  products, the produc- 
tion of food crops  h a s  not progressed to  a degree 
stifiicient to  a s s u r e  siiccess when the  raw n a t e -  
r ia ls  ( seeds ,  e t c . )  from o m  l o c a l e  a r e  processed 
(grown) in another. Therefore, even  if suff ic ient  
land area  is avai lable ,  c l imat ic  condi t ions appear  
favorable, and the  technology h a s  been developed 
for s u c c e s s f u l  agriculture, l a rge-sca le  investment  
in  t h e  ut i l izat ion of t h e s e  l o c a l e s  should await  
more spec i f ic  information and experimentally proven 
y ie lds  of crop var ie t ies  for e a c h  locat ion.  Since 
agricultural research h a s  been chiefly oriented t o  
the more temperst 'e regions,  i t  is highly des i rab le  
and s t rongly recommended that  research on the  
ut i l izat ion of hot ar id  zones for agriculture be  im-  
plemented in  the immediate future. 

They were located primarily for s u i t -  

8.5 Implementation 

The implementation of a la rge  agro-industrial 
project w a s  not spec i f ica l ly  s tudied,  although i t  
w a s  recognized that  the technical  and economic 
feasibi l i ty  will depend to  a l a rge  extent  on over- 
coming a number cf problems a s s o c i a t e d  with t h e  
actual  building and operat ing of such  a coinplex. 

A number of t h e  potent ia l  problem a r e a s  that  m a y  
e x i s t  in  some developing countr ies  have  been iden- 
tified with a view that  t h e s e  could be further ex-  
plored as required in  any future s tudy of a partic- 
ular s i t e .  

Althougii iiluch outs ide  a s s i s t a n c e  i.n var ious 
forms wil l  be needed i n  order to  get  t h e  complex 
constructed and operat ing sat isfactor i ly  i n  the  be- 
ginning, i t  should be understood that  a transfer to  
local  operation and control must be made as soon 
as feas ib le .  My incorporating th i s  concept  in  t h e  
ear l ies t  s t a g e s  of planning so that  i t  i s  c lear  from 
the beginning to everyone concerned,  the  project 
will have  greater acceptance  and support  by the  
many people  whose l i v e s  c a n  be improved by i t .  

A further general a s p e c t  of implementation that  
demands prior s tudy i s  the  effect  of s u c h  a large 
and d r a s t i c  change of land use.  Exis t ing  l i fe  on 
the region, both animal and vegetable ,  w i l l  obvi- 
ously be  disturbed; there may a l s o  be minor but 
s t i l l  s ignif icant  e f fec ts  on the  cl imate  of the re- 
gion. 

The  at t i tude of countr ies  neighboring the hos t  
country will he of considerable  ixportance.  If they 
are  wil l ing t o  cooperate ,  both they arid the project 
could benefit.  Although t h e  complex would b e  lo- 
ca ted  in  one  country, it  is within reason tha t  i t  
could be  undertaken by a group of countr ies  who 
are  a l ready working together in  a regional common 
market or some form of economic cooperation. 'The 
power, fer t i l izer ,  and electrochemicals  produced by 
a n  agro-industrial complex could overcome a nurube: 
of nat ional  shor tages  in  less-developed countr ies .  

If undertaken i n  a fashion that is economical, 
th i s  mass ive  effort will produce quant i t ies  of 
products, both food and otherwise,  so s i z a b l c  they 
will affect  world markets. Thus ,  e i ther  djrectly or 
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indirect ly ,  a l l  na t ions  engaged i n  internat ional  
t rade will be affected.  T h e  dis t r ibut ion of t h e  new 
production must be  careful ly  planned so a s  to  min 
imize p o s s i b l e  undesirable  e f l e c t s  of a n  enlarged 
capac i ty  to  produce s tandard commodities. 

8.5.1 Internal Management 

T h e  soc iopol i t ica l  s i tua t ion  i n  t h e  h o s t  country 
will undoubtedly h a v e  a s igni f icant  inf luence on 
t h e  long-range s u c c e s s  of t h e  complex. I t  is im- 
portant tha t  t h e  continuity of t h e  management b e  
assured  e v e n  though c h a n g e s  in  government may 
occur. At the  s a m e  t ime a capac i ty  for innovation 
and change  is e s s e n t i a l .  A wel l -es tabl ished s y s -  
tem of laws ,  courts ,  and taxat ion wil l  be  c r i t i ca l  
for the operat ion of t h e  complex. Other concerns  
would normally b e  at t racted t o  the locale of the  
complex or would s e t  up ins ta l la t ions  e l sewhere  
dependent  upon it.  They,  a s  wel l  as t h e  manage- 
ment of t h e  complex, need guarantees  of cons is ten t  
lega l  procedures  and  regulations. 

In a smaller ,  developing country the  agro-indus- 
t r ia l  complex could also generate  inflationary or 
deflationary pressures ,  depending upon the  s t a g e  of 
the project .  T h u s  t h e  planning and adjustment  
must be  carr ied on in  s e v e r a l  minis t r ies  of t h e  gov- 
ernment s imultaneously.  I t  cannot  be left so le ly  in  
the hands  of a s p e c i a l  authority or agency.  

8.5.2 Finance, Ownership, and Control 

Over t h e  next  d e c a d e  or two, no h o s t  country 
could undertake t h e  project  as a government mo- 
nopoly and achieve  t h e  benef i t s  c la imed.  Too 
much of the vi ta l  technology is p o s s e s s e d  by sci- 
ent i f ical ly  sophis t ica ted  internat ional  firms. T h e  
government might b e  involved in  es tab l i sh ing  much 
of the  infrastructure  required for the  s u c c e s s f u l  op- 
erat ion of the  complex, but t h e  management of the  
complex itself should b e  a t  l e a s t  semiautonomous, 
so  a s  t o  be  a b l e  to negot ia te  with a multiplicity of 
interests .  T h e  complex itself should he  operated 
as a n  economic unit t h a t  is self-support ing and 
will reproduce i t s  cap i ta l .  Any of a number of for- 
mulas for mixed consort iums (similar t o  COMSAT 
in t h e  United S ta tes )  might f i t  t h e  needs.  T h e  for- 
mula would undoubtedly depend greatly upon loca- 
tion. 

8.5.3 Training and Education 

I t  s e e m s  clear that  t h e  complex wil l  have  t o  
undertake a considerable  program of t ra ining and 
educat ion for a long period of t ime in order to  en- 
sure  a n  adequate  number of qualified personnel  for 
i t s  var ious jobs.  Accompanying s u c h  a n  emphas is  
upon t ra ining and educat ion wil l  probably be a rela- 
tively high turnover ra te  of labor  if t h e  experience 
i n  other  count r ies  is a guide. T h i s  high rate  of 
turnover is simply another c o s t  of  doing b u s i n e s s  
and must be  regarded a s  one  of t h e  contributions to 
economic development. 

T h e  following t ra ining and educat ion wil l  prob- 
ably b e  required: (1) a program for training oper- 
ators, technic ians ,  and supervisory personnel  for 
the advanced p r o c e s s e s  and  for spec i f ic  p i e c e s  of 
equipment; (2) B program for t h e  t ra ining of me- 
chanics  a n d  others  i n  manual s k i l l s  for use through- 
out the  complex; and ( 3 )  a program of background 
educat ion to be added to both t h e  primary and sec- 
ondary trurricula for young people ,  Since much of 
the  prerequis i te  educat ion probably e x i s t s  in  t h e  
hos t  country a t  the  present  time, i t  wi l l  only need 
t o  be  expanded or  further developed i n  order to 
s a t i s f y  increased requirements. 

T h e  higher educat ion tha t  e x i s t s  in  t h e  locale  a t  
the time the  complex is undertaken should be  uti- 
l ized and may have  to  b e  extended.  A cooperat ive 
educat ion program such  that  s tudents  spend some 
time i n  the  classroom and some time working i n  the  
complex on a cooperat ive educat ional  b a s i s  would 
probably be  useful. Much thought and planning 
must be given to the  development of t h e  workers, 
espec ia l ly  for t h e  food factory. T h e  development 
must include not only technica l  competence but 
motivation. While t h e  former development c a n  be 
reasonably defined and implemented, t h e  la t ter  de-  
velopment will require careful considerat ion of the  
people 's  cus toms,  mores, habi t s ,  and at t i tudes.  If 
the  land  is unused and unoccupied a t  t h e  time when 
t h e  food factory is ins ta l led ,  the  problems associ- 
ated with land reform programs of many countr ies  
may be  minimized; t h e s e  considerat ions obviously 
require t h e  close cooperation of t h e  h o s t  country. 

8.5.4 Community Facilit ies 

At l e a s t  one  town will have  t o  b e  c rea ted  for the 
agro-industrial complex and possibly a number of 
smaller  ones.  Much thought and planning must be  
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devoted to  t h e s e  towiis and provisions made for the 
usual  fac i l i t i es  s u c h  as water ,  sewer ,  power, roads, 
s t r e e t s ,  police, recreation, worship, firefighting, 
was te  col lcct ion a d  d isposa l ,  hospi ta l s ,  and 
school  sys tems.  Although not all of t h e s e  may be 
needed during t h e  ear ly  s t a g e s  of the  community 
developinent, planning must provide for them a t  a 
la ter  s t a g e .  In addition, guest houses  and tourist 
facilities. will be  needed; however, t h e s e  might b e  
contracted out  t o  pr ivate  investors .  Ci ty  planning 
should allow for both expansion of t h e  c i ty  i t se l f  
and expansion i n  the direction of addi t ional  in- 
dustry and b u s i n e s s  that  will he  at t racted t o  the 
area.  

Health and d i s e a s e  control must be es tab l i shed  
from the  beginning, and proper habi t s  of san i ta t ion  
should be developed among t h e  c i t i z e n s .  Our knowl- 
edge of c i t i e s  and their problems should make i t  
poss ib le  t o  es tab l i sh  new communities near the  
complex which will be ab le  t o  avoid some of t h e  
problems presently being faced  by t h e  older cities 
of t h e  world. 

8.5.5 Startup 

There is a tendency t o  s p e a k  of the  agro-indus- 
trial complex in  i t s  final s t a t e .  More real is t ical ly ,  
however, a t tent ion should be devoted t o  the prob- 
l e m s  of construct ion and  s tar tup.  Obviously, three 
t o  f ive years  will be  necessary  to construct  t h e  
core  of fac i l i t i es  envis ioned for t h e  complex and to 
reclaim the  necessary  land. Much of t h e  industr ia l  
production plant  would be s ta r ted  up a f te r  the  re- 
actor w a s  brought into operation. A two-reactor 
s ta t ion  would allow one  reactor to be ins ta l led  

first to  provide enetgy for t h e  es r ly  instal la t ions,  
with t h e  other reactor ins ta l led  la ter  as the other  
industr ia l  ins ta l la t ions  were completed. The ent i re  
instal la t ion process  would appear  to  be  idea l  for 
using c r i t i ca l  path schedul ing techniques.  T h i s  
method of schedul ing h a s  been used on construct ion 
projects ,  and i t s  u s e  in th i s  case should extend to  
the matter of t ra ining and development of people t o  
operate  t h e  complex. 

From a n  overall s ta r tup  point of view, it s e e m s  
that a n  equal  effor t  will have  to  b e  directed simul- 
taneously along three l ines :  

T h e  phys ica l  phase  of a c t u a l  construct ion of 
buildings, reclamation of land,  and preparation 
for the  food factory woiild have  t o  b e  pushed as 
rapidly a s  poss ib le ,  making u s e  of both local 
contractors  and overseas  contractors  as neces-- 
sary .  

T h e  human phase  of working with those  people 
and organizat ions ava i lab le  in  t h e  host  country 
would determine t h e  rate  a t  which construction, 
s tar tup,  and operation of t h e s e  ins ta l la t ions  
would progress. Such people  and organizat ions 
may not have the experience,  training, and 
background tha t  would be ideal ly  des i red  for 
s u c h  work, but coli1piomises must be  made dur- 
ing  the  ear ly  s t a g e s  in  order to get under way. 

T h e  groundwork phase  e n t a i l s  the development 
of inst i tut ions which will generally support the 
agro-industrial complex as  well as  the  corn- 
inunity and country a t  large in  the years  to 
come. T h i s  will include inst i tut ions for b a s i c  
educat ion and t ra ining as  wel l  as  b u s i n e s s  and 
community organization. 



9. CONCLUSIONS AND RECOMMENDATIONS 

T h i s  s tudy  h a s  indicated tha t  low-cost  energy 
ant ic ipated from nuclear power reactors  may have  
a signif icant  impact on industr ia l  and agricultural 
development both in  t h e  United S t a t e s  and through- 
out t h e  world. While there  is currently some local  
overcapaci ty  f o r  the  production of s o m e  b a s i c  prod- 
uc ts ,  t h e  long-term worldwide n e e d s  for both indus- 
t r ia l  and agricultural products are great  and  wil l  
require tremendous quant i t ies  of energy to fulfill.  
One smal l  example would b e  in providing adequate  
nitrogen fer t i l izer  only for the  Upper Ganget ic  
P la in  of India. T h i s  would require about 6 x l o 6  
tons of naphtha per year  or about 9000 M w  of e lec t r i -  

t h e  e f fec ts  on the  overal l  economy and  consider ing 
labor avai labi l i ty  and foreign exchange require- 
ments. 
transportation and pricing considerat ions,  would 
cer ta inly be  required. Specific s t u d i e s  for a par- 
ticular s i t e  should a l so  include comprehensive 
comparisons with al ternat ive schemes  for achieving 
the  same total  product output or s e t  of benefi ts .  

T h u s  del-ailed market a n a l y s e s ,  including 

9.2 Rationole  for Power and Water Costs 

While no new or unique conclus ions  were derived 
from t h i s  portion of t h e  work, i t  may b e  of in te res t  

cal generat ing capac i ty .  
T h e  concept  of a nuclear-powered agro-industrial 

complex as d i s c u s s e d  in  th i s  s tudy appears  capa-- 
b le  of opening up new avenues  for economic growth, 
particularly i n  a r e a s  with a t t rac t ive  mineral depos-  
i t s  but  devoid of energy and  s o u r c e s  of f resh wat-er. 

In many parts  of the  world such  a complex en.- 
t a i l s  n large s t e p  change  i n  indus t r ia l  and  agricul- 
tural  production and would represent  s i z a b l e  eco- 
nomic advantages  over t h e  al ternat ive of adding 
s m a l l  production increments i n  widely sca t te red  
s e c t i o n s  of a country. 

T h e  r e s u l t s  of the  s tudy also indica te  that  the  
relat ively large investments  ini t ia l ly  required a r e  
regenerated i n  a reasonable  time period and could 
s ignif icant ly  reduce foreign exchange  requirements 
i n  the long run. Additional benefi ts  which would 
be ava i lab le  a r e  in providing technica l  t ra ining and 
employment opportuni t ies ,  which a r e  needed i n  
many developing countr ies .  

Specific conclusions drawn from t h i s  s tudy proj- 
e c t ,  together with recommendations for future work, 
:ire summarized below according t o  t h e  major sec- 
t ions  of t h e  report. 

9.1 Economic Ground Rules 

'The g,round rules  adopted for t h e  ec:onomic anal - 
yses in  th i s  s tudy  were b a s e d  on a general ized ap-  
proach and would need s u b s t a n t i a l  revis ion before 
appl icat ion to a spec i f ic  site for investment-type 
dec is ions .  T h e  main changes  would center  on the 
inclusion of s u c h  loca le-sens i t ive  parameters as 
t h e  current money r a t e s  ava i lab le ,  t a x e s ,  s p e c i a l  
s i t e  c o s t s ,  and  marketing expenses .  A more com- 
p le te  benefi t  a n a l y s i s  should  b e  made, including 

to list some of the important resu l t s  to reinforce 
previous work i n  th i s  a rea .  

1. Cost of money is a major factor in  determining 
t h e  cost  of power and desa l ted  water  from a nu- 
c l e a r  plant. Since t h e s e  c o s t s  i n  turn control, 
to a large measure, t h e  economic a t t rac t iveness  
of the  complexes considered i n  t h i s  s tudy ,  it is 
recornmended tha t  exploratory work b e  s ta r ted  
t o  determine poss ib le  means and c o s t s  of f i -  
nancing s u c h  a project. 

2.  Achieving the  predicted ga ins  from t h e  ad-  
vanced technologies  o€ breeder reactors  and 
ver t ical- tube evaporators  would resul t  i n  appre- 
c i a b l e  d e c r e a s e s  in  the  c o s t s  of power and 
water .  To  ensure  t h i s  happening within t h e  
t ime period envisaged ,  the research  and devel-  
opment programs now in progress  should be  re- 
viewed and,  i f  necessary ,  their support in- 
c r e a s e d .  'These should include development 
of dual-purpose plan!s as  well as  water-only 
and power-only plants .  

3. T h e  poss ib le  contribution to industr ia l  growth 
and t h e  production of food which appears  
p o s s i b l e  from agro-industrial complexes under- 
l i n e s  the need f o r  ear ly  construct ion of proto- 
type desa l t ing  p lan ts  of a size suff ic ient  to  
confirm des igns  and c o s t  es t imates .  

4. Any future s tudy of a s p e c i f i c  appl icat ion of a 
nuclear  complex should include considerat ions 
of nuclear  sa fe ty  and other  s i t i n g  considera-  
t ions.  

9.3 Industrial Processes 

C o s t  information for the production o f  a large 
number of b a s i c  chemicals  and metals  w a s  accum- 
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ulated and computerized in  a “building block” 
form. 
direct  cap i ta l  c o s t  ( a s  a function of plant s i z e )  
aiid operating and maintenance labor and material 
requirements, including raw inaterials and ut i l i t ies .  
T h e  computes program a l lows  var ia t ions in the  
b a s i c  input c o s t s ,  including the  c o s t  of money, and 
outputs  the  total  investment and the  unit product 
manufacturing c o s t s .  The  products considered are 
primarily those  utilizing relat ively large quant i t ies  
of e lectr ic i ty  in their production and include hydro- 
gen (via water e lec t ro lys i s  and used  mainly i n  am- 
monia synthesis) ,  phosphorus (via e lec t r ic  furnace), 
chlorine and c a u s t i c ,  and aluminum. Data on the 
manufacture of secondary products, such  as  a m -  
iiioniirm nitrate and urea,  were a l s o  compiled; how- 
ever ,  in t h e  final ana lys i s  most of the proposed 
complexes manufactured only t h e  b a s i c  products. 

A computer program of th i s  type proved qui te  val- 
uable i n  evaluat ing industr ia l  p rocesses  and in  per- 
forming industr ia l  complex s t u d i e s  under a wide 
range of condi t ions and led to a number of conclu- 
s i o n s  and recommendations for additional work: 

For the u s e  of near--teriil light-water reactors  
a t  outputs of 1000 Mw(electrica1) or more, which 
produce power for 2.5 t o  3.5 mills/kwhr, a l l  major 
processes  s tudied a re  economically competitive 
except  possibly electrolyt ic  hydrogen for ammonia 
s y n t h e s i s .  T h i s  process  should,  however, find 
economic near-term appl icat ions in some spec ia l -  
i zed  s i tua t ions  and iiiore generalized u s e s  in  the  
far term with t h e  advent of advanced-design e lec-  
t rolysis  c e l l s  and breeder reactors .  T h e  near-terin 
uses would be  where off-peak or incremental power 
i s  avai lable  a t  a t t ract ive ra tes  and load factors ,  in 
rnmote a reas  which a r e  far from f o s s i l  fuel  sources ,  
and where there  i s  a nearby demand for t h e  high- 
purity oxygen which is made as  a by-product. T h e  
electrolyt ic  process  i s  adaptable  to  production 
changes  by wide variation i n  t h e  c e l l  current den- 
s i t y  and is therefore well su i ted  for use as  a util- 
i ty  load-leveling device.  B e c a u s e  of the  impor- 
tance  of ammonia as a fertilizer, i t  i s  recommended 
that development programs to ut i l ize  recent  fuel- 
c e l l  technology for t h e  production of e lectrolyt ic  
hydrogen together with improved methods of gener- 
a t ing and regulating direct-current e lectr ic i ty  be  
iiiiplemented and s tudies  be  undertaken t o  deter  - 
mine how the by-product oxygen c a n  bes t  be  uti- 
lized. 
agc treatment  are obvious poss ib i l i t i es .  

Lower-cost power will has ten  the  adoption 
of energy-intensive al ternat ive processes ,  such  

T h i s  information c o n s i s t s  primarily of the 

1 .  

U s e  in  iron and s t e e l  manufacture and sev- 

2 

as  electrolyt ic  hydrogen for ammonia and possibly 
for iron ore  reduction, ace ty lene  s y n t h e s i s  via  the  
a rc  process ,  and e lec t r ic  furnace phosphorus pro- 
duction, over non-energy-intensive competitive 
processes  now in general  use. T h o s e  with higher 
break-even power c o s t s  (phosphorus) c a n  be  ex-  
pected t o  be  adopted ear l ier  than t h o s e  with lower 
break-even power c o s t s  (aminonia). In most cases 
the  competing process  requires  a c r i t i ca l  raw ma- 
ter ia l  (e .g. ,  foss i l  fuel for hydiogeii production or 
su l f t i r  for phosphate  fer t i l izers)  which is not read- 
i ly  ava i lab le  in many par ts  of the woild, thus  pro- 
viding addi t ional  impetus for t h e  appl icat ion of 
e lectr ic i ty- intensive processes .  

s iderat ion were those  requiring relat ively large 
quant i t ies  of e lec t r ica l  energy. Future  work should 
a l s o  invest igate  processes  requiring large amounts 
of process  h e a t  or s team; examples  might b e  the  
manufacture of pulp and paper, cement man~ifacture ,  
and coa l  gasif icat ion.  Most of t h e s e  appl icat ions 
require higher-temperature hea t  than i s  ava i lab le  
from the  current des igns  of TLWR’s but may b e  avai l -  
a b l e  in the far term f i o m  some versions of advanced 
reactor sys tems.  

Preliminary s t u d i e s  on al ternat ive methods of 
prodiicjng iron and s t e e l  were suff ic ient ly  encour- 
aging to  warrant furiher s tudy by organizat ions 
knowledgeable in the  detai led technology of th i s  
industry. 
ment of any nation and,  wherever iron ore  i s  pres- 
en t ,  should be  exploited us ing  the  most inexpen- 
s i v e  means avai lable .  For  smaller  developing 
countr ies  t h e  b l a s t  fiirnace route is probably too 
expens ive ,  and al ternat ives  must b e  carefully se- 
lected and used.  

urea and nitric phosphatc  from the products riiade 
by highly energy--intensive processes  c a n  he even 
I i i O i e  profitable than production of the priinary prod- 
u c t s  a lone,  provided transportation c o s t s  a r e  not 
excess ive ,  and their inclusion should be  consid-  
ered in m o r e  detai led s t u d i e s  for a spec i f ic  arez.  
Also other u s e s  of the  basic products should b e  
included, s u c h  a s  ammonia in p las t ics  manufacture 
and  as  a spec ia l ized  fuel, and other u s e s  for hy- 
drogen or perhaps sodium, which could b e  rnade by 
fused-sal t  e lectrolysis .  

6 .  Production of many b a s i c  products us ing  
highly energy-intensive processes  i n  general  ap- 
pears  t o  cast less (including shipping c o s t s )  at  a 
large industrial complex than in a number of sim- 
i lar  plants  of smaller capac i ty  (where total  capac-  

3 .  T h e  industr ia l  p rocesses  given primary con- 

4. 

Steel  is a bas ic  material in  the dcvelop- 

5. Production of secondary products such  as  
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i ty  is t h e  s a m e  as  the  complex) loca ted  c l o s e  t o  
the  consumer. 

operat ing an industr ia l  complex producing b a s i c  
chemica ls  is higher under non-United S ta tes  condi- 
tions, t h e  profitability is greater if the  products 
are produced for domest ic  marke t s  of the  country. 
While t h i s  appears  to be  generally true, a complex 
designed spec i f ica l ly  t o  exploi t  a “’special s i tua-  
t ion,”  s u c h  as the  Flor ida phosphate  case consid-  
e r e d  in  th i s  s tudy ,  underscores  one of t h e  partic- 
ular advantages  which the ubiqui tousness  of nu-  
clear power offers to a r e a s  p o s s e s s i n g  depos i t s  
of minerals  which c a n  b e  processed  by energy- 
intei is ive methods. 

8. For industr ia l  complexes which produce d i s -  
t i l led water  by seawater  evaporat ion,  the  concen-  
t ra ted brine eff luent  from the  evaporator i s  a va l -  
uable  s o u r c e  of s a l t ,  potassium Eertilizer, gypsum, 
anhydrous magnesium chloride, magnesium, bro- 
mine, caust ic-chlor ine (by brine e lec t ro lys i s  j, and,  
indirectly, sulfur ic  a c i d  and portland cement .  T h e  
iise o f  concentrated br ine i n  a s o l a r  s a l t  works re- 
suLl.s i n  a 40 to  70% reduction in t h e  land required 
for t h e  evaporat ion ponds as  compared with t h e  
direct  u se  of seawater .  Process ing  of bi t terns  
from the  so la r  s a l t  works c a n  b e  done by so lar  
evaporation; however, using exhaus t  s team a t  th i s  
s t a g e  may b e  cheaper ,  and th i s  should be  eva lua ted  
furlher. P r o c e s s i n g  of bi t terns  l e a d s  to two highly 
energy-intensive p r o c e s s e s  (ideal for a nuclear  in-  
dus t r ia l  complex): e lectrolyt ic  smelt ing of  anhy- 
drous magnesium chlor ide t o  magnesium and chlo- 
rine, and brine e lec t ro lys i s  to produce c a u s t i c  and 
chlorine. At the present  time t h e  world markets 
for solar sall., magnesium, and chlor ine are increas-  
i n g  rapidly. 

9. An adjunct  t o  t h e  above  is t h e  u s e  of inter- 
nally produced c a u s t i c  and hydrochloric ac id  for 
pretreatment of raw seawater .  T h i s  method w a s  
shown t o  b e  general ly  cheaper  than treatment by 
die convent ional  sulfur ic  a c i d  method. In additiori, 
t h e  former permits evaporator operation at higher 
temperatures ,  permits reclamation of large quant i -  
t i e s  o f  calcium carbonate  or carbon dioxide’  for 
urea s y n t h e s i s  or other  u s e s ,  and permits wide 
adjiistment of t h e  quant i t ies  of e x c e s s  c a u s t i c  and 

7. Although tile est i ioated c o s t  of  building and 

‘Sulfur ic  acid a lso pe rmi t s  recovery of carbon dioxide 
but not calcium carbonate. 

chlorine to  meet changing market requirements for 
t h e s e  two products .  

products produced, size: of a n  industr ia l  complex, 
a n d  location (United S ta tes  v s  foreign) were eval-  
uated in re la t ion to the profitability as cons1.tained 
by t h e  general ground rules  of th i s  s tudy.  In th i s  
portion of  the s tudy ,  power w a s  assumed t o  be pur- 
c h a s e d  a t  a fixed rate ,  which vias varied to deter-  
mine i t s  effect  on the to ta l  manufacturing costs. 
Cos t  of money w a s  also varied parametrically. De-  
ta i led  conclus ions  from t h i s  s tudy  were: 

10. Variat ions i n  t h e  product mix, number of 

A s  expec ted ,  when the production of the  l e a s t  
profitable product, e lectrolyt ic-based ammonia, 
w a s  reduced, profitability of the complex in- 
c reased .  

Profitability under t h e  foreign condi t ions for 
sale of products t o  domest ic  markets was greater  
than under United S ta tes  condi t ions.  

Manufacture of secondary fer t i l izer  products in-  
c r e a s e d  profitability. 

Increases  in the plant  s i z e  for most of the  proc- 
esses considered s ignif icant ly  increased  profit- 
ability. 

Other more  de ta i led  conclus ions  a r e  not c i ted  
here  because  of the great  sens i t iv i ty  of the  resu l t s  
to t h e  pr ice  assumpt ions ,  which may not apply in  
s o m e  s p e c i f i c  loca les .  T h i s  would s u g g e s t  that  
careful  market a n a l y s e s  be  made i n  future s t u d i e s  
prior to th i s  type of evaluat ion lor spec i f ic  s i t e s .  

11.. With t h e  b a s i c  products considered,  only a 
few cases of beneficial  by-product u s e s  within a 
complex were discovered.  Hydrogen, normally a 
by-product from caust ic-chlor ine production, w a s  
u s e d  i n  the  ammonia s y n t h e s i s ,  thus reducing t h e  
investment  i n  hydrogen production for t h i s  process .  
Product ion of seawater  pretreatment chemicals  i n  
solile cases w a s  considered a s  a by-product; for 
example, chlor ine w a s  assumed t o  have  no value 
in a foreign complex and as hydrochloric ac id  w a s  
used  for seawater  treatment. By-product carbon 
dioxide from seawater  treatment or from the  alumi- 
num or phosphorus processes  w a s  used in  t h e  pro- 
duction of urea. Whenever ni t r ic  acid w a s  produced 
in a complex, t h e  nitrogen by-product from the  airy 
ammonia react ion w a s  used  in  t h e  ammonia synthe-  
sis s t e p ,  thus el iminat ing t h e  need for a n  air l ique-  
fact ion plant. 

Other by-product u s e  poss ib i l i t i es  which were 
recognized but not appl ied were: 
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a )  Carbon monoxide from the phosphorus furnace 
could be a source  of hydrogen (via t h e  shif t  re- 
act ion)  for u s e  in ammonia synthes is .  It could 
a l s o  be used in soiiie iron manufacturing proc- 
esses and perhaps in c e m m t  manufacture. 

b) If phosphoric acid is produced by the s tea i r -  
phosphorus reaction, hydrogen is formed as  a 
by-product and could be  used  t o  supplement 
e lectrolyt ic  hydrogen. 

c) By-product oxygen from the  water e lec t ro lys i s  
process  would have  many appl icat ions in the  
iron-steel and nonferrous industr ies .  It h a s  
many u s e s  in the chemicals  industry, for ex-  
ample, the  manufacture of ammonia from coal ,  
methanol, titanium dioxide, and ethylene oxide. 
TheIe  a r e  a l s o  potential u s e s  to  a s s i s t  in  pol- 
lution control of s t a c k  g a s e s  and in s e w a g e  
treatment. 

d )  Heavy water  could be considered a by-product 
of the  e lec t ro lys i s  process ,  with obvious u s e s  
in  some types  of nuclear reactors .  

e> By-product ferrophosphorus and s l a g  from the  
phosphorus furnace process  have some uses in  
s p e c i a l  s t e e l  production and road construction 
respect ively . 

t )  A large number of products c a n  be  made from 
the  bi t terns  avai lable  from s a l t  manufacture via 
so la r  evaporation of seawater  or evaporator ef- 
f luent .  Some of t h e s e  a re  potassiuiii chloride 
(or sulfate) ,  magnesium chloride, bromine, and 
gypsum. The !atier subs tance  c a n  in turn be 
uscd  for sulfur ic  ac id  and cement  production. 

g )  Calcium carbonate  precipitated in  the  seawater  
c a u s t i c  pretreatment process  is a source  of car -  
bon dioxide and lime. 

h )  Sodium metal  could be  made us ing  the  fused-  
s a l t  p rocess .  Sodium h a s  a number of metal- 
lurgical and chemical  u s e s  and may develop as  
a conimcrcial e lec t r ica l  conductor. 

Future  s t u d i e s  should attempt to eva lua te  the  
e f fec ts  of including by-product c red i t s  and t o  d is -  
cover  new poss ib l r  interact ions between processes .  

9.4  Ag-icrclturs 

T h e  resu l t s  of th i s  s tudy indicate  that  a highly 
productive and profitable agriculture c a n  b e  de-  
veloped i n  severa l  a r e a s  of t h e  world which are 

now unproductive c o a s t a l  d e s e r t s .  'This agricul- 
ture could b e  based  on the supply of desa l ted  
water  f r o m  a nuclear-powered plant; no ser ious  
technical  d i sadvantages  could be  found in the  u s e  
of such  a water supply.  

T h i s  conclusion is based on a general ized s tudy 
of f i v e  c o a s t a l  deser t  loca les  and the  following 
spec i f ic  assumptions:  

Desal ted water would be ava i lab le  a t  a pro- 
jected c o s t  ranging from 103: t o  3Oq: per 1000 
gal  ($33.00 t o  $99.00 p e r  acre-foot) and could 
be  del ivered t o  a farm using a n  80% efficient 
sprinkler irri gat i on s y s  tem . 

The crop water requirements adopted were 
based  on climatologically es t imated va lues  for 
one  of the  loca les  a t  which experiiiiental data  
on water requirements and y ie lds  were a l s o  
ava i lab le .  

'The yield leve ls  adopted were based  on e s t i -  
mates  by crop s p e c i a l i s t s  and arc  generally 
representat ive of those  now being obtained by 
the  bes t  of today 's  commercial producers in 
comparable irrigation d i s t r i c t s ,  

T h e  assumed pr ices  for the  agricultural pioducts 
in  general  reflect world export market leve ls  during 
recent  years .  F o r  some comparisons 2 second 
level ,  30% above  world export inarket pr ices ,  wa.s 
adopted to represent  t h e  s i tua t ion  in many develop- 
ing countr ies  where food is irnpoited or where na- 
t ional  policy resu l t s  in higher pr ices .  Present-day 
United S ta tes  costs were taken for f a r m  equipment 
and irrigation s y s t e m s  with the  addition of a n  over- 
seas c o s t  factor .  

T e n  crops were included in  thrce al ternat ive ag- 
ricultural s y s t e m s .  One such  sys tem,  containing 
wheat and dry beans  as  s t a p l e  food crops a s  well 
a s  limited acreages  of high-value c rops  s u c h  a s  
potatoes ,  cot ton,  c i t rus ,  and tomatoes,  wa.s e s t i -  
mated to  develop a n  internal ra te  of return of 13% 
a t  ayorld export market pricz leve ls  and 25% a t  do- 
mest ic  market pr ices ,  with water cos t ing  1 O q :  per 
1000 gal  in both cases. If the  water c o s t  i s  20$ 
per 1000 gal ,  t h e s e  returns would decrease  t o  1 
and 16% respect ively.  T h e  remaining crops (soy- 
beans ,  saff lower,  peanuts ,  and sorghum) were found 
t o  be  l e s s  profitable at  the assumed yields  and 
pr ices .  Th i s  particular farming sys tem,  ut i l iz ing 
a plant output of 1,000,000,000 ga l  of water per 
day,  was est imated t o  b e  theoret ical ly  capable  of 
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supplying t h e  ca lor ie  and protein 
5.2 million people .  

imize ca lor ie  production, could feed a n  est imated 
6.2 million persons  with a n  internal  ra te  of return 
of 11%, assuming s a l e s  at domest ic  pr ices  and 
using a water cost of 20g per 1000 ga l .  

T h e  r e s u l t s  of t h e  a n a l y s e s  showed that  interest  
r a t e s  and costs of land development as  wel l  a s  t h e  
leve ls  of crop water  requirements, y ie lds ,  and 
pr ices  were all  c r i t i ca l  items in determining t h e  
ptofitability of the  various farming s y s t e m s  exam- 
ined. The shor tage  of rel iable  d a t a  on j u s t  t h e s e  
c r i t i ca l  points  w a s  very apparent  in  t h i s  s tudy ,  
even  for the few a r e a s  of the  world where advanced 
s y s t e m s  of irrigated d e s e r t  agr icul ture  a r e  i n  ex- 
i s tence .  Also  of great  importance were t h e  a c r e a g e  
al lotments  to  high-value c rops ,  which were gener- 
a l ly  res t r ic ted to a s m a l l  fraction of the  to ta l  to 
comply with a general ized marketing s i tuat ion.  
Moreover, t h e s e  same cr i t ica l  factors  may be e x -  
pected to vary s ignif icant ly  a t  t h e  different locales 
that  may b e  considered ( s e e  Appendix 6A). 

Any de ta i led  s t u d y  of the  agricultural possibi l -  
i t i e s  of a particular loca le  should consider  addi- 
t ional  spec i f ic  c rops  as  wel l  as  secondary forms 
of agr icul tural  production, s u c h  as  l ivestock and 
aquacul ture ,  which could ut i l ize  t h e  by-products 
from t h e  crops.  Another poss ib le  by-product use 
which could b e  important in some regions would 
b e  the  manufacture of pulp and paper from s t raw 
or other by-product c e l l u l o s e  mater ia ls .  Also ,  food 
processing and packaging as well as ex is t ing  miirket 
requirements and their development potent ia l  
should be studied.  An admittedly oversimplified 
human d ie t  requirement w a s  used  i n  th i s  s tudy ,  
with no provis ions to supply the  proper spectrum 
of proteins, minerals ,  and vitamins. Along with 
t h e  production of animal  protein, t h e s e  require- 
ments should b e  bet ter  def ined.  It would also be 
of in te res t  to  assess t h e  long-term potent ia l  of 
meeting part of the  protein requirements with syn-  
the t ic  amino a c i d  manufacture. 

An e s p e c i a l l y  important var iable  which must be  
determined is t h e  hydrology of the underlying areia 
of any spec i f ic  s i t e .  Water s torage  may b e  a po- 
tent ia l ly  difficult problem that  would b e  expens ive  
to s o l v e  for a desa l t ing  plant producing a constant  

requirements of 

An a l te rna t ive  farming sys tem,  designed t o  max- 

2Adequatc  i n  quant i ty  but  not  in qual i ty;  ach iev ing  the 
recommended protein spec t rum would require suppl rmen-  
t a l  an imal  or s y n t h e t i c  protein. 

water  output for a farm whose water requirements 
vary seasonally depending on cl imat ic  condi t ions 
and cropping pat terns .  

i n  the  light of t h e  s p e c i a l  charac te r i s t ics  and re- 
quirements of e a c h  spec i f ic  locale .  F o r  example, 
t h e s e  might wel l  include cropping sys tems subs t i -  
tut ing labor for high c a p i t a l  investment. 

s t a g e  in  the  implementation program. It is needed 
t o  provide accura te  local da ta  on crop water  re-  
quirements, y ie lds ,  and crop rotations as well a s  
invaluable  experience in land development, crop- 
ping, and management tech.niyues. At the same 
time there  appears  to  be a great  and immediate 
need €or t h e  development of bas ic  crop information 
under a variety of c l imat ic  condi t ions s u c h  as  
could be  provided by a large controlled environ- 
ment chamber. It is recommended tha t  Eurther 
s tudy be made of s u c h  a d e v i c e  to e s t a b l i s h  i t s  
cost and polent ia l  benefi ts .  

Other problems a s s o c i a t e d  with implementation 
of t h i s  concept  a t  a particular site which would re- 
quire  in tens ive  s tudy include 

Alternat ive cropping pat terns  should b e  drawn up 

A pilot farm should b e  es tab l i shed  a t  a very ear ly  

de ta i led  soil a n a l y s e s  and an a s s o c i a t e d  opti- 
mized fatm and irrigation sys tem layout; 

c rop  sequencing  on a limited tlme b a s i s ,  in- 
c luding the log is t ics  of handling the harvested 
c rops  and planting the next  crop;  

labor and management requirements, including 
peak harvest ing labor needs ,  and problems of 
land ownership; 

t h e  poss ib le  requirement for other plant nutri- 
e n t s ,  including the  t race  e lements .  

T h i s  concept  o f  irrigated deser t  agr icul ture  opens 
up new prior i t ies  for agricultural research ,  s t r e s s -  
ing  t h e  need for crop var ie t ies  and production tech-  
niques which combine high yield potential, short  
cropping s e a s o n ,  and low water  requirements, par- 
ticularly in  the  t ropical  or subtropical  c o a s t a l  des-  
e r t  regions of t h e  world. 

9.5 Economic Analyses of Nuclear Industrial 
and Nuclear Agro-Industrial Complexes 

The following general  conclusions are sugges ted  
by the various economic comparisons descr ibed i n  
Chap. 7. T h e s e  comparisons included t h e  e f f e c t s  
of leve l  of technology, size of instal la t ion,  product 
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al ty  incurred i n  using a two-reactor power s ta t ion  t o  400,000 a c r e s .  

mix: price leve l ,  and locat ion (United S ta tes  or for- 
eign) on the  internal  ra te  of return (IRIR) for the  
complex. Also ,  the penalty imposed by the  u s e  of 
two reactors  per s ta t ion  instead of one w a s  eval-  
uated.  It is important t o  recognize that  the exam- 
p les  s e l e c t e d  i n  th i s  portion of t h e  s tudy were in- 
tended t o  b e  i l lustrat ive of genernl locat ions and 
a r e  highly rest ia ined by the  products s e l e c t e d  and 
t h e  assoc ia ted  pr ice  s t ructure  for raw materials and 
products ( s e e  T a b l e  5.9). 

ab le ;  for example, using a light-water Teactor power 
source  and producing ammonia, phosphorus, alumi- 
num, and c a u s t i c ,  the IRR a t  a [Jnited S t a t e s  loca-  
tion increased from 4.5% for a 500 Mw(electrica1) 
industr ia l  complex t o  11.4% for 2000 Mw. T h e  cor- 
responding va lues  for a foreign complex were 9.7 
and 16.1% with domest ic  price leve ls  and  2.4 
and 7.7% with export pr ices .  Where subs tan t ia l  
advan-tages in  raw material p r ices  e x i s t ,  that  is, 
near a source  of raw inaterial such  as a Flor ida 
phosphate  rock mine, and when the  production of 
ammonia, the l e a s t  profitable of t h e  b a s i c  products 
considered,  i s  omitted, the  IRR increased from 
7.5% t o  nearly 19% for a 1000 Mw(electrica1) corn- 
plex with near-term reactor technology. T h e s e  re- 
s u l t s  emphasize the  importance in future s t u d i e s  
of “tailoring” the  industr ia l  products t o  t h e  taw 
mater ia ls  avai lable  at  any given loca le  and in s c -  
lectinp, rea l i s t ic  price leve ls  for the products. T h i s  
would i n  turn require the  development of detai led 
da ta  on resources  and market condi t ions for a given 
s i t e .  

2 .  Other examples  of complexes in  which a m -  
monia manufacture w a s  omitted showed that  the  
IRR could be increased by about  60% from a value 
of 7.4% t o  11.5-12.5% for a 1000 Mw(electrica1) 
L W I Z  United S ta tes  c a s e .  T h e  IKR for the cor- 
responding foreign c a s e  increased by 26% ( f rom 
12.7 t o  about 16%) using the domest ic  price level .  
However, an example which i l lustrated t h e  e f fec t  of 
incrementally adding a large ammonia plant t o  a 1000 
Mw(electrica1) complex, thus  giving a 2000 Mw(e1ec- 
t r ical)  complex, showed that  the  IRK w a s  decreased  
by only 3%. 

3 .  A change in  reactor technology f rom the light- 
water type t o  a f a s t  breeder increased the  IRR by 
about one to  two points .  A further increase  of 
about one point occurred when t h e  thermal breeder 
reactor w a s  used .  

1. T h e  s i z e  of a complex is a n  important vari- 

4 .  The  economic resu l t s  indicate  that  the  pen- 

ins tead  of a s ing le  reactor is minor. Improved re-  
l iabi l i ty  achieved by t h e  former should outweigh 
the  smal l  extra  c o s t s .  

power s ta t ion  dis t r ibut ing power t o  var ious indus- 
trial a r e a s  should h e  evaluated relat ive to many 
smal l  power plants  located near t h e  point of use.  

6 .  For  nuclear aero-industrial complexes located 
in developing nat ions,  the development of improved 
evaporator technology, leading io  lower capi ta l  
c o s t s  and rcdiiced seawater  pumping requirements, 
is very important t o  t h e  economic viability of the 
agricultural portion of the  complex. ‘The effect  of 
improved reactor technology i s  important a l s o ,  but 
i t  is not as important t o  agriculture a s  advanced 
evaporators .  Utilizing advancpd reactor and evap- 
orator technology (ABII-V’PF:) yielded overall re.- 
turns of 15 t o  16% and an incremental return for 
t h e  farm only s l ight ly  l e s s  than the  overall farin- 
industry return. 

duced from a dual-purpose reactor plant  (particu- 
larly ARR’s)  opcrating a t  t h e  back-pressure poiilt 
p resents  a s ignif icant  “d isposa l”  problem in many 
par ts  of the  world. Development wosli on high 
water-to-power ratio and water-only plants  should 
proceed i n  order to  provide more flexibility in the 
des ign  of plants  under various conditions. T o  i l -  
lustrate  the potential ga ins  ava i lab le  f r o m  a plant 
of improved des ign ,  a value of 7.4% ERR was con- 
puted for a farm based  on a water-only plant  (LWK- 
MSF) using a n  admittedly inefficient concept  of 
prime s team bypass .  
prime s team w a s  bypassed around t h e  back-pres- 
s u r e  turbine direct ly  to the seawater  evaporator 
plant. T h i s  may b e  compared with t h e  incremental 
return attributed to the  farm of 10.6% computed for 
the  saine size farm in a n  industry-farm complex 
using a dual-purpose plant. 

t r ia l  complex improves the  rate  of return for t h e  
complex as wel l  as  for the f a r m  increment; for ex- 
ample; with LWK-MSF technology the  IRR increased 
from 9 . 3  to  13.2% i n  going f rom a 500/320 (Mw(e1ec- 
t r ical)  industry/Mgd f a r m 1  s i z e  t o  a 2000/1280 
[Mw(electrical)/Mgd 1. T h e  increiiiental return due  
t o  the  farm increased from 8 . 9  t o  10.7%. Since one 
of the assuinpt ions used  w a s  l inear  s i z e  sca l ing  
for t h e  farm c o s t s ,  addi t ional  work should be  done 
on the  capi ta l  and operating c o s t s  of farms as  a 
function of s i z e ,  particularly in the  range of 75,000 

5. T h e  advantages  of a large central  nuclear  

7. ‘The relat ively large amount of e lectr ic i ty  pro- 

In th i s  c a s e ,  85% of t h e  

8. Increasing the s i z e  of a nuclear  agro-indus- 
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9. The sens i t iv i ty  a n a l y s e s  indicated tha t  the 
incremental rate of return w a s  much less affected 
by t h e  capi ta l  cost of t h e  complex than  by the  
product pr ice  assumptions.  T h u s  a n  i n c r e a s e  of 
between 20 and 40% i n  the c a p i t a l  cost of a n y  s in-  
gle  component of the  complex (reactor, evaporator, 
industr ia l  complex, or farm) only resul ted in a one 
percentage point d e c r e a s e  i n  the  internal  ra te  of 
return, whereas  a d e c r e a s e  of only 6 t o  11% in t h e  
annual  s a l e s  income c a u s e d  the  s a m e  one-point 
decrease .  

9.6 Loca le  Studies 

T h e  s tudy on locale se lec t ion ,  accommodation, 
and implementation w a s  necessar i ly  of a prelim- 
inary nature .  Nevertheless ,  as a resul t  of t h e  work 
carr ied out, a number of conclus ions  and recom- 
mendations c a n  b e  enumerated. 

1. A number of a r e a s  in t h e  world, present ly  nei- 
ther  agr icul tural ly  nor industr ia l ly  fruitful, c a n  
b e  made productive through t h e  implementation 
of t h e  agro-industrial concept .  

It appears  tha t  some of t h e s e  a r e a s  c a n  b e  made 
agricul tural ly  productive on a year-round b a s i s  
provided t h e  c rop  variety s e l e c t e d  and i t s  man- 
agement are ta i lored careful ly  t o  the  local c l i -  
mate. 

2 

3. Agricultural requirements impose s ignif icant  
l imitat ions on  the  number of locat ions which 
c a n  be  considered for an agro-industrial com- 
plex. Many locales su i tab le  for the agro-indus- 
t r ia l  complex would not b e  s e l e c t e d  for a n  in- 
dus t r ia l  complex and v i c e  versa .  

4. In t h e  contex t  of th i s  s tudy  with i t s  nuclear  
viewpoint, t h e  locales s u i t a b l e  for a n  industr ia l  

5. 

6.  

7. 

8. 

9. 

complex would not have  cx tens ive  f o s s i l  Euel or 
hydro energy s o u r c e s ,  but they would take  ad- 
vantage  of other  natural  resoutces  and industr ia l  
markcts. T h e  b a s i c  ideas ,  however, for indus- 
t r ia l  and agro-industrial complexes would apply 
for l o c a l e s  having c h e a p  and abundant  fossil 
fuel ,  provided due considerat ion i s  given to the 
type  of industr ia l  p r o c e s s e s  used .  T h e  number 
of potent ia l  locales open to a n  industr ia l  com- 
plex appears  to b e  much greater  than €or a n  
agro-industr ia l  complex. 

Additional information on the  agricul tural  pa- 
rameters ,  s u c h  as s o i l s ,  topography, c l imate ,  
c rop  water requirements, and water  s torage  pos- 
s ib i l i t i es ,  as wel l  a s  labor qual i ty  and avai l -  
abi l i ty ,  a r e  required before a sa t i s fac tory  final 
evaluat ion of an individual  locale c a n  b e  car-  
ried out. 

T h e  problems of markets and transport of agri- 
cul tural  products sugges t  much more de ta i led  
considerat ion of on-si te  food handl ing and proc- 
e s s i n g .  

T h e  s p e c i a l  s tudy of markets, resources ,  and 
t ransport  media, as wel l  a s  t h e  potent ia l  ben- 
e f i t s  der ived,  should b e  more regionally ori- 
en ted ,  as opposed to the  individual nation con- 
c e p t  adopted for t h i s  s tudy ,  to adequately re- 
f lec t  the  inf luence of a r e a s  ad jacent  t o  the 
locales. 
Additional considerat ion of t h e  ut i l izat ion and 
contribution of marine resources  to  the opera- 
tion of a n  agro-industrial complex may yield 
extra  benefi ts .  

Much c tea t ive  thinking is needed concerning 
t h e  s o c i a l ,  pol i t ical ,  cul tural ,  and f inancial  
problems of implementation for e a c h  locale and 
the ul t imate  effects on t h e  h o s t  country.  
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ECONOMIC ANALYSIS BASE ON TMEBNTERNAL R A T E O F  RETURN 

T h i s  appendix p r e s e n t s  an i terat ive mathematical 
procedure for computing the internal  ra te  of return 
together with a so lved  example. Also  included is 
a procedure for ca lcu la t ing  factors  for interzst  
during construct ion a t  different c o s t s  of money 
based on  a symmetr ical  distribution of payments. 
The  construction per iods,  s e r v i c e  l ives ,  and s a l -  
vage va lues  assumed for the  components of 
nuclear-powered complexes are l i s ted  for United 
S ta tes  and non-United S ta tes  locat ions.  

3A. l  Interno! Rate of Return  

T h e  internal ra te  of return may b e  considered t o  
be  the in te res t  r a t e  a t  which a project wil l  break 
even in t h e  s e n s e  that  the  income from the invest-  
ment e q u a l s  a l l  c o s t s  including return (a t  that  
in te res t  ra te)  on investiilent. 'The u s e  of t h e  in- 
ternal ra te  of return h a s  the advantage of a l lowing 
an ini t ia l  s tep  to  be  made in the evaluation of a 
proposal without requiring a n  assumption a s  to  the 
present  or future value of money. In comparing 
al ternat ive proposals ,  however, t h e  most KQ- 

nomically a t t ract ive one  c a n  be s e l e c t e d  only 
when (1) t h e  internal  ra te  of return i s  calculated 
for the  difference in their  c a s h  f lows  and (2) th i s  
resul t  is compared with the  c o s t  of money, that  is, 
with t h e  minimum acceptab le  ra te  of return. In t h e  
design of a proposal ,  port ions a r e  added or d r o p p d  
off, and a n  internal  ra te  of return i s  ca lcu la ted  for 
each  increment. T h e  s i z e  of t h e  proposed invest- 
ment is expanded or contracted unt i l  the  marginal 
ra te  of return j u s t  e q u a l s  tha t  in te res t  ra te  judged 
to b e  the  expected c o s t  of money. T h i s  optirniza- 
tion technique m a y  b e  considered simply a s  a 
process  for maximizing t h e  discounted net  bene- 
f i ts .  

Calculat ion of the internal  ra te  of return re- 
quires  severa l  arithmetical s t e p s .  'The method 
presented here  is suff ic ient  for inves tments  which 
yield more or l e s s  uniform annual  income and 
operating expenses .  T h e  method and numerical 
d a t a  are readily appl ied to t h e  end object ive of 
calculat ing and maximizing the  overal l  discounted 
return once  t h e  t ime value of money is agreed upon. 

If an investinent of amount P resu l t s  i n  an annual  
return W ,  the  ra te  of return i s  defined a s  

w 
P 

r = - -  

'Thus, i f  a $100.00 investment  y i e l d s  $6.00 a 

If ins tead  of a s i n g l e  investment  and a cons tan t  
year forever, the rate  of return i s  0.06 or 6%. 

stream of annual  returns there is ins tead  a non- 
uniform s e r i e s ,  a rate  of return can  s t i l l  be  de- 
fined. In doing th i s  i t  is not necessary  to identify 
which expendi tures  will b e  ca l led  investments  and 
which will b e  ca l led  current expendi tures ,  but i t  
i s  only necessary  to  ind ica te  t h e  time period (ye4%> 
in which each  expendi ture  and e a c h  income trsns-  
action is expec ted  to occur. T h e  comparison of 
the general formulation with Eq. (1) c a n  b e  illus- 
trated as follows. F i r s t ,  Eq. (1) is rearranged: 

W 

r 
0 :  - P  +- . 

Then the last term i s  expanded as  a n  infinite 
s e r i e s ,  and the  term -P is divided by (1 i r)' 
T h e  result is 

, . .. . kdi 
+ 2 

(1 t r)3 

The infinite s e r i e s  which w a s  used  in the expan- 
s ion is: 
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To demonstrate this, l e t  x = 1/(1 t r) and n o t e  that  
1/(1 - x) = 1 + x t x2 -1- . . . . Then 

- x ( l + x + x 2 + . . . )  

= x -t- x2 i- x 3  + . . . . 

Equat ion (3)  may be  compared with a more general  
formulation: 

which may be  compared with Eq. (3)  i f  R ,  were 
e q u a l  t o  - P  and the  other  R’s s e t  e q u a l  t o  W .  A 
s t i l l  more general  formulation r e s u l t s  if e a c h  term 
of Eq. (4) is multiplied by (1 t r)m,  where m i s  a 
posi t ive integer. T h i s  g i v e s  

0 . R o ( l  t r)’” i R l ( l  + r>m-l 

t K,(1 i- rim-' i . . . . 
If a change  of var iab les  is introduced t o  match t h e  
s u b s c r i p t s  t o  the superscr ip ts ,  

where Sm = R,, S m A 1  = R , ,  . . . So = R,,, S ,  := 
Rm.kl . . . , etc .  

Each  term on t h e  right-hand s i d e  c a n  be inter- 
preted a s  t h e  ne t  re turns  for a par t icular  year  re- 
duced to  their p resent  worth i n  year  z e r o  a t  an 
in te res t  ra te  e q u a l  t o  r. (Note t h a t  in  t h e  Eormula, 
the in te res t  ra te  is e x p r e s s e d  a s  a decimal ,  s u c h  
as 0.06, whereas  in c h a r t s  and in  t h e  text ,  i t  is 
usually shown as a percentile.) The internal ra te  
of return is found as  t h e  solut ion of Eq. (5) in  terms 
of t h e  annual  n e t  returns S. T h e  equat ion may have  
more than one root, and some of the roots  may be  
negative. T h e  purpose,  however, of ca lcu la t ing  r 
is to compare a proposal  with other opportunities 
to inves t  money for which there is a posi t ive rate  
of return. Although for s o m e  proposed pro jec ts  t h e  
rate of return may be negat ive ,  a proposal will b e  

considered “ feas ib le”  only i f  r is posi t ive.  Fur- 
thermore, invest igat ion of t h i s  equat ion for the 
SI (net returns i n  year  f )  encountered in th i s  s tudy 
indicated t h a t  there  is a s i n g l e  pos i t ive  root, 
which removes poss ib i l i ty  ot ambiguity. 

3A.3 Interest During Construction 

T h e  augmentation of the  in i t ia l  terms by powers  
of 1 + r c a n  be interpreted or labeled a s  “interest  
during construction. ” In the economic appraisal  
of proposals ,  t h e  concept  of a construct ion period 
is arbitrary and not n e c e s s a r y  a t  all. A l l  net  re- 
c e i p t s  c a n  b e  discounted to the  in i t ia l  year  of 
construct ion of the  project ,  to  the  initial year  in  
which income is received,  or to any  other  year. 
T h i s  c h a n g e s  t h e  va lue  of m in  Eq. (S), but i n  the  
solut ion of Eq. (5), i t  d o e s  not change  the  value 
of r. 

As with a l l  income and expense  t ransac t ions  in 
t h i s  s tudy ,  i t  is assumed tha t  payments during the 
construct ion period occur  a t  the  end  of e a c h  year. 
Thus ,  i f  the construct ion per iod is one year ,  it is 
assumed that  the  investment  is a l l  paid a t  t h e  e n d  
of t h e  year. Since t h i s  is also t h e  d a t e  to which 
all t ransac t ions  a r e  referred, t h e  one-year con- 
s t ruct ion period r e s u l t s  in  no  ca lcu la ted  in te res t  
charges  during construct ion.  If t h e  construct ion 
period l a s t s  s e v e r a l  y e a r s ,  we a s s u m e  that  t h e  
payments  will concentrate  i n  the  center  of t h e  
period with a symmetr ical  dis t r ibut ion of payments, 
as shown i n  T a b l e  3A.1. 

payments ,  a factor  for including in te res t  charges  
during construct ion is readily calculated.  For  
example,  i f  i = 1% and t h e  construct ion period is 
f ive years ,  t h i s  factor is 

With the foregoing schedule  of construct ion 

f = 0.07 (l.l)4 t 0.22 ( l . l ) 3  i- 0.42 (1.1)* 

+ 0.22 (1.1)’ t 0.07 (1.1)’ 

: 1.2150 . 

T h e  initial. investment  (excluding interest  during 
construct ion)  multiplied by f g ives  the present  
worth of the investment  (i.e., including in te res t  
during construction). T h e  datum point  for t h e  
present  worth is the d a t e  of in i t ia l  operation of 
the complex. 
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In 'Table 3A.2 the factor f i s  given for four 
in te res t  r a t e s  from 2.5 t o  20% and for construct ion 
periods ranging from o n e  to s i x  years .  

3A.4 Delayed Returns 

In some agricultural ac t iv i t ies ,  s u c h  as c i t r u s  
cul ture ,  a s t ream of e x p e n s e s  c a n  precede the 
flow of income by a period of years .  Citrus t rees  
require five or more years  before they bear fruit. 
T h e  discount ing procedure sugges ted  by Eq. (4) 

handles  t h i s  s i tua t ion ,  a s  the returns  S, may differ 
from one year to  th? next. 

T h e  time required for t h e  t rees  to  mature is 
analogous to t h e  construct ion period for an in- 
dustr ia l  project; however, income flow from other 
c rops  and from the fac tor ies  may s t a r t  at  an 
earlier date. In t h i s  case, 1Y can  be  broken into 
two s t reams,  U and V ,  with U commencing s years  
ear l ier  than V .  'Then, 

w z  u+.-.- ...-. V 

(1 + r)" 

T a b l e  3A.1. Assumed S c h e d u l e  of C o n s t r u c t i o n  P a y m e n t s  

Payments at  end of each year a s  a percent of to ta l  

Payment for Construction Period of - 
6 Years 1 Year 2 Years 3 Years 4 Years 5 Years 

Construction period 
1st year 100 50 18 1 0  7 5 
2d year 50  64 40 22 13 
3d year 18 40 42 32 

4th year 1 0  22 32 
5th year 7 13 
6th  year 5 

Years subjec t  to  
interest  charges 
5th year 5 
4th year 7 1 3  
3d year 10  22  32 
2d year 18 4 0  42 32 
1st year 50 64 4 0  22 13  
0 year 100 50 18 10  7 5 

......... ~ ......... .................... .......... ......... 

Table 3 8 . 2 .  F a c t o r  f for I n t e r e s t  C h a r g e s  D u r i n g  C o n s t r u c t i o n  
....... ~ ......... ___ 

~ ... ....... ~- 

f for Construction Period of - 

2 Years 3 Years 4 Years 5 Years 
____ ........ ~ .......... Cos t  of Money, 

i (70) 

......... ___ ....... 
6 Years  _____ ~ 

1 Year 
~ ......... ......... ..... ...... ~ .......... 

2.5 1 1.0125 1.0251 1.0379 1.0509 1.0641 

5 1 1.025 1.0505 1.0768 1.1038 1.1316 

10  1 1.050 1.1018 1.1 571 1.2150 1.2770 

2 0  1 1.100 1.2071 1.3288 1.4644 1.6139 
~ ......... .......... ........ .......... 
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In the example of c i t rus  t r e e s ,  the expec ted  l i fe  
of t h e  t r e e s  is qui te  long  (in t h e  order of 50 years), 
and t h e  present  worth of replacement  costs i s  
negligible. 

3A.5 Mathematical Solution 

Under cer ta in  condi t ions,  the solut ion of t h e  
gerieral equat ion for internal  ra te  of return, Eq. 
(51, c a n  b e  reduced to 

W 
r 

P’ ’ 

where P’is a function of r and where, as con- 
t ras ted to  Eq. (I), P’is n o t  t h e  investment  but 
rather t h e  present  worth of t h e  investment  s t ream 
required to e s t a b l i s h  and maintain t h e  n e t  income 
W e a c h  year. T h i s  augmented investment  P’ in-  
c ludes  in te res t  during construct ion and the  present  
worth of replacements  to infinity ca lcu la ted  at a n  
in te res t  r a t e  equal  to  r (rather than at the t i m e  
value of money r ) .  

where 
P = in i t ia l  investment ,  

f = factor  for inc lus ion  of in te res t  during con- 
s t ruct ion (see Table  3A.2), 

y : factor to account  for t h e  n e t  s a l v a g e  value 
of a n  investment  and for reduct ions due  t o  
technology i n  t h e  cost of replacements  ( ra t io  
of end-of-life replacement  c o s t  to in i t ia l  
in  vestment), 

r 

(1 + r)‘* - I 
where  n is the project  l i fe  in  years .  

e =  , the  s ink ing  fund depos i t  fac tor ,  

For  convenience,  we  d e f i n e  t h e  product f(r i- qe) 

which appears  in  Eq. (7) as  

so tha t  

P’ - PJ/r 

and 

PR = TV . 

The quant i ty& is a function of r ;  it c a n  be evalu-  
a ted  a t  any i n t e r e s t  ra te  r. If i t  is eva lua ted  for 
an in te res t  ra te  e q u a l  to the time value of money, 
then i t  t a k e s  on a s p e c i a l  meaning, and Eq. (10) 
n o  longer holds. h s t e a d ,  

where B e q u a l s  the e x c e s s  of W over ?d. The 
quantity K is referred to as  “venture profit.” It is 
the equivalent  of all t ransac t ions  (including 
investment)  leve l ized  to a uniform annual  amount 
u s i n g  a time value of money equal  to  i. Since this 
is a uniform annual  s e r i e s ,  extended indefini te ly ,  
B / i  is t h e  present  worth of t h e  ne t  benefi ts ,  which 
is a quantity upon which comparison of projects  
c a n  b e  made. 

One procedure for so lv ing  for t h e  internal ra te  
of return is in terms of i t s  original definition (the 
in te res t  r a t e  a t  which the  project  b reaks  even so  
that  income e q u a l s  all c o s t s ,  including return on 
investment). In other  words, r IS the  in te res t  ra te  
for which B = 0 in Eq. (11) [the equat ion then re- 
d u c e s  to Eq. (lo)]. T h e  numerical or graphical 
procedure would b e  to eva lua te  B for various 
in te res t  r a t e s  and s o l v e  by trial and error for the  
in te res t  ra te  which reduces  B to zero. 
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A more di rec t  approach in  t h e  i terat ive p ~ o -  
cedure is: 

1. For a trial in te res t  ra te  r,, ca lcu la teR,  . 
2. Solve for a new approxiimation: 

r l  = Wr, /P j ,  

or m o r e  generally 

The  i terat ive procedure converges rapidly. One 
i terat ion is usual ly  sufficient. 

tion but different va lues  of W and P,  i t  is con- 
venient  to prepare a n d  use n graph of& v s  i ,  as 
shown in Fig.  3A.1. 

For  a s e t  of problems involving the  s a m e  L? func- 

3A.6 Multiple 1n.vestrnend.s 

A complex may represent t h e  combined invest-  
ment i n  power plant ,  fac tor ies ,  harbor, etc., e a c h  
with i t s  own construct ion interval, s e r v i c e  life, 
and end-of-life replacement cos t .  In this  s i tuat ion 
the product Pd i n  Eqs. (10) to  (12) i s  replaccd by 

that  i s ,  for e a c h  component of the complex, i t s  
in i t ia l  investment  i s  multiplied by i t s  R function. 
T h e  sum of t h e s e  products  is then the  1-iniform 
annual  amount equivalent  to the en t i re  investment 
stream. T h e  parameters def ining the  various R 
functions used i n  our ana lys i s  of ago- indus t r ia l  
complexes a r c  l i s t e d  in  Table  3A.3. 

3A.3 Illustrative Example  

An example of a nonuniform s e r i e s  of annual  
income and expendi ture  is given in Table  314.4. 
The s e r i e s  c o n s i s t s  of annual  income of 25 and 
expenditure of 5 e a c h  year, s ta r t ing  with the 
third year ,  p lus  expendi ture  of 50 i n  t h e  f i rs t  two 
years  and expcndi tuie  of 40 i n  the f i r s t  two years  
of e a c h  succeeding  decade .  T h e  i tems  i n  the  
table refer to a c t i v i t i e s  tha t  take p lace  during 
e a c h  year but for which the  monetary t ransact ion 
occurs  a t  t h e  end of the  year. 

’The general equat ion for the internal  rate of 
return r is 

--. 20 
+ . . . i f . . . , 

(1 + r ) l 0  

where e a c h  t e r m  is interpreted as a n e t  receipt  
for a given year converted t o  i t s  “present  worth” 
for t h e  year 19’70. 

When multiplied by (1 .{- r ) ,  the r e s u l t  is 

- 20 + . . .  +- + . . .  . 
(1 + r)9 

The interpretation is now that  e a c h  term is a net  
receipt converted to i t s  p resent  worth as of 
December 31, 1971. T h e  term that  equals  50 + 50r 
may be  considcred as  a principal. of 50 and in te res t  
of 50r. T h e  first two terms c a n  be character ized 
as  an ini t ia l  investment  of 100 spread  over a con- 
s t iuct ion period of two y e a r s  but excluding in te res t  
during construction. 

316.8 Saiuticnn af the Equation 

F i r s t ,  expendi tures  a r e  rearranged as shown i n  
’Table 3A.5. ‘l‘his groups together  terms which are  
identified as  t h e  in i t ia l  investmerit and the  re- 
placement investment, The  income and annual  ex- 
penditure columns c a n  b e  consol idated into a ne t  
amount of 20 per  year, T h e  present  worth in  1971 
of this  series can  b e  summed to  a s ingle  term: 

20 
+ . . . >-.--. 20 20 20 

(1 + r ) 2  

1 ................. 2 

(1 i r )3  1 i- r r 

The two initial investment  terms can  be consoli- 
dated: 

-5Q(1 + r )  --- 50 -100 1 t.--- 



Table 3A.3. Factors for Conversion of Various Types  o f  Investments to a Uniform Annual 

Equivalent Cost, Including Replacement and Interest During Construction 

-- 
Annual Equivalent Cos t  a s  a 

4 Function, Eq. (10) 

i = O %  i = S %  i =  10% i =20% 

Construction Service Replacement C o s t  Fraction of Initial Investment: 
Period Life (fraction of 

(years) (years) init ial  c o s t j  __- - 

__I 

I 

Reactor and turbine generator 
95% of in i t ia l  investment 
Remaining 5% (interim replacements) 

Initial fuel cycle c o s t s  

Evaporator tubes and shee ts  
Copper-nickel (for MSF) 
OLIN alloy (for VTE) 

Evaporator less tubes and shee t s  
93% of init ial  investment 
Remaining 7% (interim replacement) 

Industrial  plants 

Harbor 

Elec t r ica l  grid interconnection 

Working capi ta l  

Reactor and turbine generator 
95% of init ial  investment 
Remaining 5% (interim replacements) 

Init ial  fuel cyc le  c o s t s  

Evaporator tubes and shee t s  
Copper-nickel (for MSF) 
OLTN alloy (for VTE) 

Evaporator less tubes  and shee t s  
93% of in i t ia l  investment 
Remaining 7% (interim replacement) 

lndus trial plants 

Harbor 

Elec t r ica l  grid interconnection 

Farm 
Structures, including roads and  

p ipe lmes  
Equipment 

Working capi ta l  

United States Cost  Bosis  

1.00 
4 30 
1 1 

1 30 0.35 

3 30 0.90 
3 15 0.90 

1.00 
3 30  
1 15 

2 15 0.75 

3 30 0.60 

1 30 0.90 

1 Infinite 0.00 

Foreign Cost Bosie 

1.00 
5 3 0  
1 15 

1 30 0.35 

4 30 0.90 
4 15 0.90 

1.00 
4 3 0  

1 15 

3 15 0.75 

3 3 0  0.40 

1 30 0.90 

2 40 0. YO 

1 15 0.YO 

1 Infinite 0.00 

0.032 0.070 

0.012 0.056 

0.030 0.067 
0.060 0.096 

0.033 0.069 

0.050 0.087 

0.020 0.062 

o.mo 0.064 

0.000 0.050 

0.032 0.071 

0.012 0.054 

0.030 0.068 
0.060 0.099 

0.033 0.070 

0.050 0.089 

0.020 0.062 

0.030 0.064 

0.022 0.059 

0.060 0.092 

0.000 0.050 

0.122 

0.102 

0.116 
0.141 

0.117 

0.130 

0.114 

0.1 06 

0.100 

0.128 

0.102 

0.122 
0.149 

0.123 

0.136 

0.114 

0.106 

0.107 

0.128 

0.100 

0.264 

0.200 

0.242 
0.256 

0.240 

0.232 

0.242 

0.201 

0.200 

0.290 

0.200 

0.267 
0.282 

0.263 

0.254 

0.242 

0.201 

0.220 

0.213 

0.2 00 
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Similarly, e a c h  pair of replacement expendi tures  
c a n  be  reduced to a s ing le  tenn: 

40 40 1 

(1 r)' (1 + , ) l o  

The stream of replacement expendi tures  c a n  be  
consolidated: 

T h i s  a lgebraic  manipulation c a n  be  s e e n  by le t t ing  
x - 1/(1 t r)" and noting again that  

X 
x 4 - x 2 + x 3 +  ...:-* 

1 - x 

T a b l e  3 A , 4 .  Income, Expendituie,  and Net Rece ip ts  

for a Hypothet ica l  Proposal  

Year 

1970 
1971 
1972 
1973 
1974 
1975 
1976 
1977 
1978 
1979 
1980 
1981 
1982 

Income 

0 
0 

25 
25 
25 
25  
25 
25 
25 
25 
25 
25 
25 

~~ ~ 

Expendi ture  Net  R e c e i p t s  
........ . . . . . . . 

50 -50 
50 -50 

5 20 
5 20 
5 20 
5 20 
5 20 
5 20  
5 20 
5 20 

45 -20 
45  -2 0 

5 20 

T a b l e  3A.5. Separat ion of Expenditures in t h e  

Hypothet ica l  Proposa l  
.....-... _____ 

Year Income Expendi ture  Investment  

1970 
1971 
1972 
1973 
1974 
1975 
1976 
1977 
1978 
1979 
1980 
1981 
1982 
1983 

0 
0 

25 
25 
25 
25  
25 
25 
2 5  
25 
25 
25 
25 
2 5  

0 
0 
5 
5 
5 
5 
5 
5 
5 
5 
5 
5 
5 
5 

in i t ia l  

0 

0 
0 

0 

0 

0 

0 

0 

0 
0 

All t h e  i t e m s  i n  Table  3A.5 may now be gathered 
together, and the equation for r becomes: 

or 

w - - -  
P'  ' 

where 

= Pf(r  t qe)/r . 

In th i s  example 

P = 100, the  in i t ia l  investment , 
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r 

2 
f - 1 t--, interest  during construction - two- 

year period, 

y - 0.8, ratio of end-of-life replacement cost to 
init ial  investment, 

r 
e =______-_ , sinking fund deposit  factor for 

(1 + r)” - 1 
a ten-year project life. 

To so lve  for the internal rate of return in  the ex- 
ample, let r ,  = 10%; then from Fig. 3A.1, $, = 

0.158, and as shown previously, W - 20; therefore, 
using Eq. (12): 

Iteration 1: 

20 x 0.10 
100 x 0.158 

r l  = 

: 0.127 . 
From Fig.  3A.1 ,  for r l  -r 12.7%, 

R ,  = 0.181 . 
Iteration 2: 

20 x 0.127 
1oox  0.181 

r =  

= 0.140 . 
From Fig. 3A.1, for r 2  = 14%, 

.!J2 = 0.194 . 
Iteration 3: 

Froin Fig. 3A.1, for r 3  = 14.4%, 

a3  = 0.198 . 
Iteration 4: 

20 x 0.144 

100 x0.198 
r :  

= 0.145 . 
Thus the internal rate of return for th i s  example 
is 14.5%. Four iterations were required because 
the init ial  guess of 10% was  off by 45%. A better 
approximation of ro would reduce the number of 
iterations. 

0.30 

0 25 

0.20 

1 0 . 1 5  

0.10 

0.05 

0 
0 5 10 45 

i, TIME VALUE OF MONEY (?“./year) 

F ig .  3A.1. Ratio of Equivnlent Annual Cost  to Inves t -  

ment. 

20 x 0.14 
1 0 0 ~ 0 . 1 9 4  

r z  

= 0.144 , 



Appendix 4.4 

RATIONALE FOR POWER AND W A ~ ~ ~  COSTS 

T h i s  appendix provides detai led information 011 

the  c o s t s  of nuclear  power s ta t ions  and on sea.- 
water evaporator plants  as  well as  s o m e  d i s c u s -  
s ion  of the technologies  used  in  th i s  s tudy.  
d i scuss ion  of power c o s t s  for light-water reactors 
(LWR) includes the  following: 

1. capi ta l  c o s t s  for major components, 

2. multiple-unit s t a t i o n s ,  

3. thermal eff ic iency,  

4 .  plant  load factor, 

5. opeiating, maintenance, and insurance c o s t s ,  

5 .  annual  fixed charges  a g a i n s t  investment, 

7. nuclear fuel  cyc le  c o s t s ,  

8. example ca lcu la t ion  of e lectr ic i ty  cos ts .  

T h e  d iscuss ions  on power c o s t s  from advanced 
breeder reactors are divided into three main topics:  
cap i ta l  investment ,  operation and maintenance, 
and fuel  cyc le .  

T h e  sec t ion  of t h e  appendix which d i s c u s s e s  
the  assuriiptions re la t ing  to  seawater  evaporator 
technology and c o s t s  inc ludes  the following 
topics  : 

1. performance ratio, 

2.  maximum brine temperature and chemical  pre- 
treatment of seawater ,  

The 

3. concentration ratio, 

4. seawater  temperature, 

5. train s i z e ,  

6. major c o s t  factors .  

4A.1 Cost O B  Pawer from Light-Water 
Reactor Power Stations 

To faci l i ta te  es t imat ing  the capi ta l  and  operat- 
ing  c o s t s  of power reactors  which c a n  supply 
s team at maximum temperature, extraction s team 
a t  lower temperatures for desa l t ing  and/or proc- 
ess u s e ,  and/or e lec t r ic i ty ,  the  nuclear power 
plants  were considered to c o n s i s t  of three inter-  
related par ts :  t h e  nuclear  i s land  (N.I.), the t u r b  
generator is land (T.I.), and  the condenser  is land 

I 

(C.I.). 'The nuclear  is land includes a l l  faci l i t ies  
required to  produce the  prime s team and thus in- 
c ludes  t h e  reactor and i t s  auxi l iar ies ,  the primary 
cool ing system, and heat  exchanger boi lers .  T h e  
turbogenerator is land inc ludes  the faci l i t ies  re- 
quired to  produce electr ic i ty  a n d  ext iact ion s t e a m  
from prime s team.  The condenser  is land includes 
the  faci l i t ies  required to condense any  s team 
emerging f rom the  turbogenerator is land which i s  
not s e n t  t o  process  or d e s a l t i n g  u s e .  

Much of the  capi ta l  c o s t  information avai lable  
concerning nuclear  power s ta t ions  per ta ins  t o  
s ingle-purpose electr ic i ty-generat ing s ta t ions  and 
hence  re la tes  to s t a t i o n s  combining nuclear 
is land,  condensing turbogenerator i s land ,  and 
condenser  i s land  c o s t s .  A number of the avai l -  
a b l e  c o s t  breakdowns for s u c h  nuclear  e lectr ic i ty-  
generating s ta t ions  ( s e e  refs .  2,  3, 9, 10, 11, 12  
in  Chap. 4) were examined, and ,  us ing  engineer ing 
judgment, the  c o s t s  of t h e  individual components 
of the s ta t ions  were  a s s i g n e d  t o  the headings of 
nuclear i s land ,  turbogenerator is land,  and con- 
denser  is land.  There w a s  good agreement  i n  t h e  
relat ive dis t r ibut ion of the  c o s t s  from different 
sources ,  and t h e  following relat ionships  were 
developed: 

% T.I. ~ 0.88(100 - % N.I.) , 

% @.I. O.12(100 - % N.I.) , 

where P t  i s  thermal power rating of the reactor, 
Mw, and % N.I. ,  T.I., C.I. a r e  fractions (as per- 
cent)  of t h e  t o t a l  cap i ta l  c o s t  of a s ingle-purpose 
power s t a t i o n  due to  the  reactor is land,  turbo- 
generator i s land ,  and condenser is land respec- 
tively. 

When the per t inent  data  from the a b o v e  ref- 
erences for t h e  c a p i t a l  c o s t  for LWR's were 
brought together, the  correlat ions presented in  
F i g s .  4A.1 and 4A.2 were obtained. T h e s e  
figures provide t h e  b a s i s  for es t imat ing  the 
capi ta l  c o s t s  for LWR's used  in th i s  study. 

184 
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ORNL-O'UG S - . ~ ~ S A  ........ ~~ 

-_- 

30 I ,  

I C 0 0  2000 3000 4000 6000 ROO0 40,000 
P, , R f . A C I 0 R  STATION POWER (Mv, )  

Fig. 4A.1. Nuclear Island Installed Costs - LWR 
(Excluding Interest During Construction). 

T h e s e  correlat ions of es t imated  capital c o s t s  
show three d i s t i n c t  range.; of costs in which t h e  
(i s c a l i n g  laws" vary in  magnitude. T h e  ranges  
a r e  approximately 1200 to 1860 Mw(therma1) 
I(400 t o  600 Mw(electtical)l,  1860 to 3400 Mw 
(thermal) [(6@ to 1000 Mw(e1ect r ~ c d ) ] ,  and 
above 3400 Mw(therma1) IC1 100 Mw(electr1cal)l. 

Capi ta l  c o s t s  for fully constructed (less in- 
t e r e s t  during construct ion and land c o s t )  LWR's 
were ca lcu la ted  for  the nuclear  i s land  and t h e  
turbogenerator-condenser i s land  a s  a function of 
time period and size us ing  Eqs. (1) and (2) and  t h e  
parameters l i s t e d  i n  Table  4A.1 (see Figs.  4A.1 
and 4A.2 for c a p i t a l  costs) :  

ORNL-OWG f iFI - f lZOA 
...... ....... r........... . 

. .  ... ......... 

- 

NEAR TERM 

3 1 ... 1 1 1 1 ---L 1 1 ~ ............................... , .~ 

-----AH . r m M  

2000 3 0 0 0  400 600 800 4000 

P,, TURBINE OR CONDENSER STATION SIZE ( Mw,)  

F ig .  4A.2. Turbine ond Condenser Island C o s t s  - LWR (Excluding Interest During Construction). 
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Tabie 4A.1. Parameters for Est imating Instal led Capitol  Costs for LWR’s 
( E xc I ud i ng I n tere s t Dur i n g Cons tr II c t i on) 

____ ___- 

One-Unit Systems 

Power range  of appl ica t ion  

P t ,  Mw < 1860 
p e ,  Mw <600 

S c a l i n g  f a c t o r s  
n 

rn 

0.44 
0.29 

Near-tern1 (“1977”) LWR s y s t e m s  

P R t ,  Mw 1860 
C N R ’  $/kwt  21.4 
PR,, Mw 600 
c T C R .  $/‘kwe 60 
c T R ,  $ %we 53 
c $ /kwe 7.3 CR’ 

Far- te rm (“1987”) LWR s y s t e m s  
PHt ,  Mw 1860 
c $/kwt  19.2 
pRe, Mw 600 

NE” 

c T C R ,  $ / h e  54 
C T R ,  $/‘kwe 4a 
c C R .  $ /kwe  6.5 

Two.Uni t  S y s t e m s  

Power  range  of appl ica t ion  

P 1, Mw 
p e ,  M w  

S c a l i n g  fac tors  
n 

m 

Near-term (“1977”) LWR s y s t e m s  
PRt ,  Mw 

PRe,  Mw 

c T R ,  $/kwe 

c C R ,  $/kwe 

CNR, $/kwt 

C T C R ’  $ i k w e  

Far-term (“1987”) LWR s y s t e m s  

PRt, hlw 

CTCR’ $ ikwe  

c N R ,  $ /kwf  
PR,, Mw 

c T R ,  $/kwe 

c C R ,  $ / h e  

.... ..._ 

<3720 
<1200 

0.44 
0.29 

3720 
19.8 

sa 
1200 

51 
6.9 

3720 
17.8 
1200 
52 
45 
6.3 

1860-3400 
600-1 100 

0.40 
0.15 

3400 
16.7 
1100 
55 
48 
6.6 

3400 
15.1 
1100 
49 
43 
5.9 

3720-6800 
1200-2 000 

0.40 
0.15 

6800 
15.5 
1200 
sa 
51 
6.9 

6800 
14.0 
1200 
52 
46 
6.3 

3400-10,000 
1100-3230 

0.30 
0.05 

3400 
16.7 
1100 
55 
48 
6.6 

3400 
15.1 
1100 
49 
43 
5.9 

>6aoo 
>2000 

0.30 
0.05 

6800 
15.5 
1100 
55 
48 
6.6 

6800 
14.0 
1100 
49 
43 
5.9 
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C 

( 3 )  

(4) 

where: 

c = dollars/kw(thermal) for nuclear  isIand at  
N 

des i red  thermal power level ,  P,,  i n  
riiegawa t t s  , 

cT 
- dollars /kw(electr ical)  for complete  tur- 

bogenerator-condenser i s land  for a con- 
dens ing  turbine sys tem of e lec t r ica l  
power l e v e l  Pe in megawatts, 

dollars/kw(electri cxd) for turbogenerator 
i s land  a t  desired e l e c t r i c  power leve l ,  
P e ,  in  megawatts ,  
dol lars /kw(electr ical)  for condenser  
i s land  for  t h e  e l e c t r i c  power leve l  for 
condens ing  turbine portion of a dual- 
purpose plant ,  where P C e  is the  electric 
power generated by the  condensing tur- 
bine in megawatts ,  

P = desired power leve l ,  Mw(therma1 or 

R = reference ( b a s e  c o s t  or power level), 

n = s c a l i n g  factor for N.I., 

m = s c a l i n g  fac tor  for  T.I. and C.I., 

e lectr ical) ,  

t = thermal, 

e = e lec t r ic .  

In es t imat ing  the  c o s t  of dual-purpose (elec- 
t r ic i ty  and water)  p lan ts ,  the  c o s t s  of t h e  turbo- 
generator i s land  a n d  the  condenser  i s land  must 
b e  es t imated  separa te ly  us ing  Eqs. (3) and (4) and 
the  appropriate  parameters  l i s ted  in  T a b l e  4A.1 
(see Fig.  4A.2). The unit c o s t  of t h e  turbogener- 
a tor  s t a t i o n s ,  c T ,  is obtained by enter ing Eq. ( 3 )  
or F ig .  4A.2 with P equal  to the to ta l  e lec t r ic  
generator capac i ty .  I h e  unit c o s t  of t h e  con- 
denser ,  c c ,  is obtained by enter ing Eq. (4) or 
Fig.  4A.2 with t.he g r o s s  e lec t r ica l  power pro- 
duced by a condens ing  turbogenerator fed  by 
prime s team.  

e ,  I 

4A.1.1 Multiple-Unit Stations 

Capi ta l  c o s t s  of two-unit nuclear  i s lands  (two 
reactors)  and  turbogenerator-condenser i s lands  

(two tutbogenerators) have  been est imated for  
‘ <  near-term” plants  ( s e e  Figs. 4A.1 a n d  4A.2j.  
Assuming that  t h e  rat ios  of c o s t s  between two- 
and one-unit s t a t i o n s  remain the  same,  s imilar  
c o s t s  for two-unit s t a t i o n s  have  been est imated 
for “far-term” plants  ( s e e  F i g s .  4A.1 and 4.4.2). 

Unit c a p i t a l  c o s t s  are s e e n  t o  d e c r e a s e  more 
rapidly with increas ing  plant  capac i ty  in  the  case 
of t h e  smaller  power s t a t i o n s  than i n  the case of 
large power s t a t i o n s .  T h e  largest  individual 
reactors  ordered to  d a t e  have been of about  3300 
Mw(therma1) capac i ty ,  and the  la rges t  turbines  
have  been  of about  1100 Mw(electrica1) capac-  
ity. Studies  have  been made of a d e s i g n  for  
reactors of up t o  10,000 Mw (thermal) (refs. 12 
and 18, Chap.  4). R e s u l t s  oE cost es t imates  
based  on t h e s e  des igns  are included i n  F i g s .  
4A.1 and 4A.2. Extrapolat ions of t h e  t urbogene- 
rator size-cos t re la t ionships  indicated l i t t le  
addi t ional  benefit of increas ing  turbine size 
indefinitely. Above about  1500 Mw (electr ical)  
to ta l  s ta t ion  capac i ty ,  a l l  turbinegenerator  
s t a t i o n s  a r e  assumed t o  contain a t  l e a s t  t w o  
turbine generat  ors .  

4Ae1 “2 Thermal Eff ic iency 

F o r  u s e  in  ca lcu la t ing  the conversion of thermal 
energy into e lec t r ic  energy i n  the turbine genera- 
tor of LWR s y s t e m s ,  prime s t e a m  condi t ions of 
965 p s i a  and  540°F and a n  exhaus t  temperature 
of 92OF for condens ing  turbines were used.  T h i s  
resul ted in  a gross  turbine c y c l e  efEiciency of 
34.2% and a net  power plant  eff ic iency of 32.6%, 
both for condens ing  turbine sys tems.  Eff ic iencies  
for back-pressure (turbine) operation, which is 
frequently ut i l ized i n  dual-purpose electricity- 
desa l t ing  s ta t ions ,  a r e  lower, decreas ing  as the 
exhaus t  temperature  increases .  

4A,1.3 Plant Load Factor 

T h e  concept  of energy c e n t e r s  supplying con- 
tinuously operat ing industr ia l  and water-producing 
complexes implies a high load factor. Since 
nuclear  s ta t ions  are des igned  for high avai labi l i ty ,  
a plant load (or u s e )  factor of 90% (i.e., 7900 hr/ 
year) w a s  used  i n  es t imat ing  c o s t s .  
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ORNL-DWG 68-861A 4A.1.4 Operatian, Maintenance, 
and lnsurnnce  Costs  

Several es t imates  of the  c o s t  of operating, 
maintaining, a n d  insuring nuclear power s ta t ions  
were reviewed (refs .  4, 9, and 13, Chap. 4). 
T h e s e  s o u r c e s  were i n  good agreement, and the  
iesul t ing averaged est imated c o s t s  for operation 
and maintenance for the nuclear  is land of LWR's 
are  presented i n  Fig. 4A.3.  Similar es t imates  of 
the  annual  operation and maintenance c o s t s  for 
the turbine- generator plants  a r e  presented i n  
F ig .  4A.4. T h e  information shown i n  t h e s e  
figures w a s  used t o  es t imate  the operation and 
maintenance c o s t  i n  the  near term. Consider ing 
t h e  infant s t a t e  of t h e  industry a t  t h i s  time, i t  
was assumed that t h e  operation and maintenance 
c o s t  for far-term appl icat ions would be  85% of the 
values  shown in t h e s e  two figures. 

It w a s  assumed that  e a c h  near-term nuclear s t a -  
tion would incur c o s t s  for nuclear  liability and 
indemnity insurance equal  to that now experienced 
in the  United S ta tes .  Since present  insurance rate  
contracts  have a provision for reduced ra tes  after 
a period of good experience,  the est imated c o s t  for 
nuclear insurance w a s  assumed to  be lower in  the 
far term than i n  t h e  near term. Est imated c o s t s  
for nuclear insurance (on the nuclear island) used  
in  th i s  s tudy were therefore obtained from the  fol- 
lowing relat ionships:  

near term: 

insurance (dol lars /year)  = 30Pt t- 260,OOOU , 

OSNL-DWG 6 8 - 8 6 2 A  

I I I ' ~ l - - - - l  
2 0 ........... . ........... -~ 

I 

=, 0 3  

0 0 8  

07 

0 

0 6  

0.5 
2000 3000 400C 6000 8000 10,000 

GROSS STATION PO\VER Mw, 1 

F i g .  4A.3. Annual Operating and Maintenance Costs 

for Nuclear island of LWR. 
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Fig.  4A.4,  Annual Operating and Maintenance Cost 

for Turbine Generator Plant .  

far term: 

insurance (dollars/year) = 2 4 P t  + 210,OOOU , 

where P ,  i s  thermal power of the nuclear  s ta t ion ,  
Mwj and U is number of units ( reactors)  in  the s t a -  
tion. 

In reporting the c o s t s  of nuclear power, a l l - r isk 
property damage insurance is included together 
with nuclear  l iabi l i ty  insurance  ( s e e  example i n  
Sect .  4A.1.7, No. 5). T h i s  i s  t o  p lace  the com- 
puted power c o s t s  on the same basis a s  l i terature  
data. 

4A.1.5 Annual F i x e d  Charges Against Investment 

T h e  production of e lectr ic i ty  and water  from nu- 
c lear  energy are capi ta l - intensive p r o c e s s e s ,  and  
consequent ly  the  to ta l  c o s t s  of production a r e  
sens i t ive  t o  t h e  method u s e d  t o  convert invest-  
ment into annual charges. In th i s  s tudy t h e  
to ta l  depreciat ing investment  i n  power s ta t ions  
w a s  considered t o  c o n s i s t  of t h e  e rec ted  cost 
of the power plant  equipinelit and fac i l i t i es  (not 
including t h e  nuclear  fuel, which is carried a s  
a separa te  i t e m )  plus in te res t  charges  during 
construction ( s e e  Appendix 3A for discussion) .  
Nondepreciating investment comprised the c o s t  of 
nuclear  fuel  and operat ing working capi ta l .  

T h e  customary present  pract ice  among power- 
producing utility organizations in  the United S ta tes  



is t o  employ an annual  fixed charge  ra te  on to ta l  
investment  which includes a l lowances  for (1) return 
on investment ,  or c o s t  of borrowed money, (2) am- 
or t izat ion or recovery of investment  over  the  life 
of t h e  plant ,  ( 3 )  t a x e s  on net  income, (4) local 
property t a x e s ,  (5) other t a x e s ,  (6) insurance,  and 
(7) interim replacements .  Specific pract ice  v a r i e s ,  
and  differences e x i s t ,  e s p e c i a l l y  between tax- 
paying  (private) u t i l i t i es  and those which are not 
subjec t  t o  ful l  taxat ion (public). Discuss ions  with 
representat ives  of both types of ut i l i t ies  revealed 
that there  w a s  general  agreement on average  values  
for annual  fixed charges .  In the  present  and near  
term, average annual  Cixed charge rates of 12% for 
private a n d  8% for publ ic  power producers were 
sugges ted ;  for t h e  fa r  term, values  of 11 and 7%, 
respect ively,  were  sugges ted  to  reflect- poss ib le  
reduct ions in  in te res t  ra tes .  T h e  in te res t  ra te  in- 
c luded in t h e s e  f ixed charge ra tes  w a s  s t a t e d  t o  
be 5’4% in  the  present  and near term and 4f/,o/u/year 
in the far  term for  both types  of ut i l i t ies .  

T h e s e  annual  fixed charge r a t e s  a r e  used  in  
es t imat ing  t h e  c o s t  of s t e a m  and electr ic i ty  from 
nuclear  power s t a t i o n s  under condi t ions now pre- 
valent  in  the United S ta tes .  However, s i n c e  t h e  
c o s t  of money, leve l  and  type of t a x e s ,  a n d  at t i -  
tudes toward insurance vary widely around t h e  
world, the  rat ional izat ion of power and water costs 
used  in this s tudy  took a more generalized approach 
to fixed charge rates .  A s  explained i n  Sect. 3.1 
of Chap. 3 ,  t h e  term “fixed charge  ra te”  as used  
in  t h i s  s tudy  inc ludes  al lowance for t h e  cost of  
money (return on investment) and for amortization 
using a s inking  fund method of calculat ion.  T h e  
cost of money, i, w a s  varied parametrically a t  
va lues  of 2.5, 5, 10, and 20%. 

s t ruct ion and  amort izat ion of nuclear  power s t a -  
tions, t h e  t ime of construct ion and s ta r tup  was  
assumed to be 4 years  in  the United S ta tes  a n d  5 
y e a r s  in developing countr ies ;  a s e r v i c e  l i fe  of 
30 years  w a s  assumed for  both cases. 

In t h e  ca lcu la t ion  of interest  charges  during con-  

4A. 1.6 Nuclear Fuel Cycle Costs 

Fuel c y c l e  costs depend upon a number of 
phys ics  and engineer ing  des ign  factors .  S ince  
this  s tudy  w a s  not concerned with a n y  one particu- 
lar reactor des ign ,  size, or s p e c i f i c  method of fuel  
management, a general ized approach t o  t h e  es t ima-  
tion of fuel  c y c l e  costs was  employed. In common 

with other  comparative s t u d i e s  (refs. 5, 9, and 17, 
Chap.  4), fuel  c y c l e  c o s t s  iire based on operat ing 
condi t ions in  the reactor  sys tem after s teady  s t a t e  
is achieved ( th i s  is sometimes referred to as the  
equilibrium fue l  cycle) .  Thus ,  fuel exposure,  en- 
richments, inventor ies ,  a n d  throughput ra tes  a r e  
all based on a single set of condi t ions.  TF,e b a s e s  
employed in  th i s  s tudy  for es t imat ing  f u e l  c y c l e  
costs for light-water reactors  were c o n s i s t e n t  with 
those  of t h e  previously referenced s t u d i e s ,  and the  
method generally ut i l izes  the ground rules  which 
have  been employed in eva lua t ing  desal inat ion 
reactor s y s t e m s  (re€. 18, Chap. 4); the  b a s e s  used  
a r e  given in ‘i’abte 4A.2. Fue l  inventories were 
based  on  the uranium and plutonium contained in 
the reactor  s y s t e m  ( in  core and out of  core)  a t  
s teady  s t a t e .  Other ini t ia l  or inventoiy costs a r e  
provided for by a n  al lowance for  working capi ta l .  
T h e  irivestments i n  uranium, plutonium, and work- 
ing  capi ta l  a r e  treated as nondepreciating i tems.  
C o s t s  of fuel  preparation, fabrication, burnup re- 
processing,  and  processing losses are treated as  
annual  operat ing c o s t s .  

A breakdown of fuel  c y c l e  c o s t s  based on the  
information in T a b l e  4h.2 is given in ‘Table 4A.3 
for light-water reactors  of 1550, 3100, and  10,000 
ILlw(therma1) c a p a c i t i e s  for near-term ( la te  1970’s) 
condi t ions and for a n  I.WK of 10,000 Mw under fa r -  
term ( la te  1980’s) conditions. F o r  t h e  example 
va lues  presented here ,  a c o s t  of money equal  to 
l0%/year  w a s  used  in ca lcu la t ing  interest  charges  
on fuel  inventory and  working caprtal .  Nuclear 
fuel  c o s t s  ate s e e n  t o  decrease  with increas ing  
reactor size as  a resul t  of decreased  neutron leak-- 
a g e  and h e n c e  bet ter  neutron economy in t h e  reac-- 
tor core. T h e  general  re la t ionships  used t o  coni- 
pute t h e  direct  fuel  cy+ c o s t s  as a function O F  
reactor  size, excluding plutonium credi t ,  are sum- 
marized below: 

Near Term 

Up to  2500 0.493 milla/kwhr(thenxial) 
Mw(thrrma1) 

Fr*m 2500 to 4600 0.464 mills/k.trhr(therm;rl) 
Mw(thertna1 j 

Above  4 X O  0.435 rnills/kwhr(lhhermalj 
Mw(therma1) 

F a r  Term 

Above 3300 
Mw(thermo1) 

0.389 mills/kwbr(thermal) 



Table  4A.2. F u e l  Cyc le  Casts - Light-'Mater Reactor 
....... ....... .. ..... - ________.. .... .... 

Near  Term Fa r  Term, ___ .......... .... ___ 
1550 Mw 

(l 'hermal) 
._____--. .... . ~ _ _ _  

Uranium 

Natural  uranium, dol lars  per  pound of U,O, 

Separat ive wotk, dol lars  k e  ( u s e  AEC price 

8.00 

l i s t  for enr iched UFb,  inc ludes  U,O, 'UF,) 30.00 

F u e l  exposure ,=  E ,  Mwd/metric ton 

Uraniiim burnup, wt  70 

F e e d  enrichment ,  70 235U 

Spent  fuela  

P e r c e n t  2 3 5 ~  

Grams of P u  f i s s i l e  per  kilogram 

penal ty  236u 

F e e d  fuel  va lue ,  do l la rs  per  kilogram of U 

Spent  fuel  va lue ,  dol lars  per  kilogram of U 

F u e l  preparation a n d  fabricat ion 

P l a n t  throughput, e metric t o n s i d a y  

L o s s e s ,  e R 

Days/year '>g 

P l a n t  investment ,  f r g  mill ions of do l la rs  

Operating cos ts , "& mil l ions of dol lars  per year 

Hardware, f ' g  mill ions of do l la rs  per  year 

Dollars  p e r  ki logiam of U'h' a t  22% per  year  

33,000 

3.7 

3.95' 

0.89' 
6.15' 

0 

308.42 

38.06 

4- 

Reprocess ing  

P l a n t  throughput, metric t o n s / d a y  u 

L o s s e s ,  e b 

Days :.yearg 

Capi ta l  cos t ,  mill ions of do l la rs  

Opera t ing  cos t ,  mil l ions of do l la rs  per  y e a r  

Waste d isposa l ,  inillions of do l la rs  per  year  

Dollars  per  kilogram of U(hi a t  22% per year  

Conversion to U P 6 , '  do l la rs  per  kilogram of U 

Shipping 

F e e d  fuel ,  do l la rs  per kilogram of U 

Spent  fuel ,  do l la rs  per  kilogram of U 

-. ...... 

3100 Mw 10,000 Mw 10,000 Mw 
(Thermal) ( T h e  ,ma 1) (Therma 1) 

8.00 

30.00 

33 ,000  

3.7 

3.30d 

0.89" 
6.15d 

0 

287.50 

38.06 

.~ 

0 .2  

260 

27.7 

7.4 

7.0 

80 

1 

260 

37 

3.7 

3.0 

2 8.60 

3.00 

8.00 

30.00 

33,000 

3.7 

3.09' 

0.89' 
6.15' 

0 

264.79 

38.06 

4 

8.00 

30.00 

33,000 

3.7 

3.09' 

0.89' 
6.15' 

0 

264.79 

38.06 

3 

0.2 

260 

61.0 

13.6 

18.0 

58 

5' 

1 

2 60 

50 

5.0 

3.0 

14.60 

2.25 

1.49 -.____--- jr 1.49 

3.39 3.39 __ 
Tota l ,  do l la rs  per  kilogram of U 4.88 4.88 
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Table 4A.2. Fue l  Cycle  Costs  - Light-Water Reactor (Cont . )  

Near Term F a r  Term,  
1550 Mw 3100 Mw 10,000 Mw 10,000 Mw 

(Thermal)  (Therrna 1) (Thermal) (Thermal  j 

P u  c red i t  a s  n i t ra te  

5/6 v a l u e  o i  90% 2 3 5 ~  

Inventory t imes  

P r e  exposure,  total ,  d a y s  

P r e  exposure,  a t  reactor ,  d a y s  

Pos t  exposure ,  d a y s  

Spec i f ic  power,' S.P., k w / k g  

F u e l  exposure,  Mwd/metric ton 

Reactor l o a d  factor ,  L.F. 

Reac tor  inventory time, days '  

Thermal  eff ic iency,  % 

113 ---a 

60 

220 

37 

33,000 

0.9 

(9 9 0 

10.00 

113 

60 

220 

'16 

33,000 

0. 9 

796 

32.3 

"Reference 17, chap.  4. 
b13alculated a t  9000 Mwd/metric ton  = 1% bnmup to f i s s i o n  products  
"Es t imated  from ORNLA686 with Sys tems A n a l y s i s  va lues  as  s t a r t i n g  point; enr ichment  and  plutonium content  

dR.  Salmon, personal  communication, AEC Systems A n a l y s i s  EvaluatiCJti, for 1000-Mw(electr ical)  PWR. 
"2975 and 1985 ground rules, re(. 18, chap.  4. 

'ORNL-CF-64-8-51 (fabrication). 
%KNL-3921 (preparat ion and  processing) .  
"Assumes fabricat ion,  preparat ion and  reprocess ing  are conducted  off s i t e ;  f ixed charge ra te  of 22Y0 u s e d  to 

'1985 generat i i lg  c a p a c i t y  i s  a s s u m e d  to be  200,001) Mw(electrica1); 

numbers u s e d  only i n  e s t i m a t i n g  inventory charges .  

y ie ld  t h e  "price" ( s e e  a a n d  e). 

:?00, 000 Mw(electrica1) 
(0.323) (4  p l a n t s )  (33,000 Mwdt 'metr ic  ton) 

:: 4.7 tons /day  = 5 tons/day.  

'PWR reac tor  condi t ions  from ref. 9, chap. 4. 
k 

'Reactor inventory t ime -7 

1000 miles  round t r ip  by ra i l  - see  footfiotes a a n d  e. 
Mwd/metric ton 

(kw/kg) ( load fac tor ) '  

T h e  general re la t ionships  used to compute t h e  
value in dol lars  of t h e  fue l  inventory a r e  as fol-  
lows : 

Near T e r m  

Up to 2500 Nlw(thrmia1) 7057Pf  

From 2500 to 4600 Mw(therma1) 6710Yt 

Above 4600 Mw(therma1) 6333Pt  

For Term 

Above 3300 Mw(th t~rrial) 5368Pt 

Mere P ,  is t h e  reactor  thermal power level in 
me gawa t t s . 

4A.1 .7 Example Calculation of Electricity Cost  
for an LWR 

'The cost of electr ic i ty  for a nuclear  reactor  is 
made up of three  items: (1) charges  a s s o c i a t e d  
with t h e  c a p i t a l  investment  (including in te res t  
during construct ion) ,  (2) fuel cycle costs (iiiclud- 
ing  nondepreciat ing c a p i t a l  charges  on fue l  in- 

. 
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Table 4A.3. Est imated Fuel C y c l e  C o s t s  for Light-Water Reactors  

Near Tern1 
....... Far Term, 

10,000 hlw 

- __ 
1550 Mu, 3100 Mw 10,000 hlw 

(Theriiia 1) ( 7 3  ermal) (The rtn a 1) (Thermal) 

Uraniuiii burnup and l o s s e s  
Plutonium credi ta  

Net  burnup c o s t  
Fabr ic  a tion 
Shipping 
Reprocess ing  and conversion to U F  

6 

Direct  c o s t s  
Inventory and working capi ta l  

charges  a t  lO%/year  

1.07 
-- 0.24 

0.83 
0.31 
0.02 

0.12 

1.28 
0.30 

____ 

~~ 

1.58= 

Mills per  Kilowatt-hour (e lec t r ica l )  

0.98 

-- 0.24 
0.89 

.- 0.24 

0.74 
0.31 
0.02 
0.12 

1.19 
0.29 

1.4Sd 

___ 

~ 

0.65 
0.31 
0.02 
0.12 

1.10 

0.27 

0.89 

- 0.24 

0.65 
0.23 
0.02 
0.07 
....... 

0.97 
0.2Ob 

1.37e 1.17' 
.... ............................... .................... __ 

a B a s e d  on 0.0769 mill/kwhr(thermal) ($10.00 per gram of Pu). 
bAt 9%/year. 
''To 800 Mw(electrica1) [ZSOO M;v(thermal)] 7 1.29 + 2.9% mil ls /kwhr(electr ical) .  
d800 to 1500 Mw(electrica1) [2500 to  4600 Mw(thermal)] = 1.20 -6 2.861 mil ls /kwhr(electr ical) .  
e1500 to 3660 Mw(electrica1) [4600 to  10,000 Mw(therma1)l = 1.11 + 2.70i mil ls /kwhr(electr ical) .  

'> 1500 Mw(electrica1) [3300 to 10,000 Mw(thermal)] = 0.97 -!- 2.282' ~nills/kwhr(electrical). 

ventory), and (3) operation, maintenance, and in- 
surance (nuclear liability and property damage 
insurance)  c o s t s  . 

reactor s ta t ion,  (2) light-water reactor, near-term 
technology, (3) two reactors ,  (4) 576 c o s t  of money, 
(5) 0.80 load factor  (7000 hr/year), (6) 4-year con- 
s t ruct ion period, 30-year plant life. 

Fig.  4A.1; for 9000 Mw(thermal), two reactors, 
cap i ta l  c o s t  e q u a l s  S14.2S/kw(thermal); therefore 

N . I .  = 9. x lo6  kw(therma1) x $14.25/kw(thermal) 

Example. - Assumptions: (1) 9000 Mw(theriiia1) 

1. Calculate  nuclear  is land capi ta l  c o s t  from 

.= $128.2 x l o 6  . 

2. Calcu la te  turbogenerator-condenser is land 
capi ta l  c o s t  from Fig .  4A.2. G r o s s  output of e lec-  
tricity is calculated using Eq. (13) and Table  7A.1 
of Appendix 7.4: 

p c  = v c Q c  
= 0.342 5 Mw (e lec tri ca l)/Mw( the rmal) 

x 9000 Mw(therma1) 
= 3082 Mw(electrica1). 

From Fig.  4A.2, capi ta l  c o s t  of turbogenerator- 
condenser  is land;  for 3082 Mw(electrica1) (gross), 
c o s t  i s  $45.75 + $6.20 = $51.95/kw(electrical); 
therefore 

T C I  = 3.082 x l o 6  kw(electrica1) 

x $51.95/kw(electrical) : $160.1 x l o 6  . 

3. Calculate  to ta l  instal led c o s t  of nuclear 
power plant .  Interest  during construct ion factor 
for four-year construct ion period and 5% c o s t  of 
money is 1.0768 (Table  3A.2, Appendix 3A) .  From 
s t e p s  1 and 2,  

total  c o s t  = 1.0768($128.2 x l o 6  t $160.1 x l o 6 )  

= $310.4 x l o 6  . 

T h e  unit c o s t  in  dol lars  per kilowatt (e lectr ical)  
i s  based on the  net e lec t r ica l  output of t h e  s t a t i o n  
af ter  auxiliary power required t o  run the  turbine 
and reactor  a r e  deducted; f rom Table  7A.1, Ap- 
pendix 7A, 
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n e t  e f f ic iency  = 0.3425 ~w(electrical)/Mw(thermal) 
- 0.00864 Mw(electrica1 )/Mw (t her m al) 
- 0.0078 Pnw(electrical)/Mw(thermal), 

ne t  power -- 0.32 6 hlw(elec t ri ca 1)/ Mw (the m a l )  

/c 9000 Mw(therma1) 

- 2934 Mw(etecttica1) ; 

therefore * 

unit  cost = $310.4 x 106/293J ,< l o3  kw(e1ectric:at) 

- $106/kw(electrical) . 

T h e  capi ta l  charge rate for a c o s t  of money of 5% 
is 6.S%,‘ including t h e  s ink ing  fund depos i t  factor  
of I.%.‘ T h u s  the unit e lectr ic i ty  cost due to 
c a p i t a l  investment  is 

G I  $310.4 A l o 6  x 0,065/(2934 x lo3  kw(electrica1) 

x 7000 hr/year) 

= 0.98 mill/kwhr(electrical) . 

4. Fuel c y c l e  c o s t s  from Table  4A.3, footnote 11, 
a t  5% c o s t  of money: 

F.C. - 1.11 c 2.70 Y 0.0.5 

- 1.25 mills/kwhr(electrical] 

5 .  Operation, maintenance,  and insurance costs: 

Operation and maintenance for 
nuclear island from Fig .  4A.3 

Operation and maintenance for 
TGC is land from Fig.  4A.4 

Liabi l i ty  insurance  from 
Sect. 4A.1.4 

Property damage insurance 
0.257; of depreciat ing capi ta l  

0.4% of nondepreciat ing invest-  
inves  t men t 

ment (fuel i n ~ e n t o r y ) ~  
T o t a l  

$1.7 10’ 

$0.92 x IO6 

$0.79 i loG 

$0.78 x l o 5  

$0.23 Y l o b  

$4.4 Y lQG 

______I___.__ 

‘ G e n e r a l l y ,  t h e  cap i ta l  c h a r g e  rate a l so  i n c l u d e s  
a l lowances  for  taxes and in t e r im  r e p l a c e m e n t s ;  how- 
eve r ,  t h e s e  are e x c l u d e d  in  this examnle .  

’Chapter 3,  Sect. 3 . 3 ,  Eq. (1) .  
.3 F u e l  i nven to ry  = 6333 x 9000 :: $57 Y IOG (from 

Sect. 4A.1.6). 

IJnit cost = $4.4 x 106/(2934 x lO” kw(electrica1) ji 
7000 hr/year) .---- 0.22 mi l I /k~~hr(e lec t r ica l ) .  

6 .  r h e  to ta l  uni t  c o s t  of e lectr ic i ty  from t h i s  
9000 Mw(therma1) two-LWR s t a t i o n  under the  given 
assumptions is the s u m  of thc: unit c o s t s  in i t e m s  
3 ,  4, a n d  5: 

Capi ta l  charges  0.98 
F u e l  c y c l e  1.25 
Operation, mainte- 0.22 

nance,  and 
insurance ___ 

Total 2.45 mills/kwlir(electrical) 

4A.2 Estimated Cost  of Power from Fast  
B r e e d e r  Reactors ( F B R )  

Capi ta l  cost d a t a ,  shown in Tdble 4A.4, for the  
10,000 Mw(therma1) FBR are  from ORNL’s evalua-  
tion (ref. 5, Chap.  4) of a conceptual  design (ref. 
19, Chap.  4) prepared by the Argonne National 
Laboratory. T h e  reactor  produces prime s team a t  
2400 p s i a  and 900°F with 11ve s t e a m  reheat  t o  
660°F. Per t inent  charac te r i s t  tcs of t h i s  reactor  
a r e  shown in T a b l e  4A.5. It should b e  noted that  
the ANI, d e s i g n  is not considered a “f i rs t  genera- 
tion” f a s t  breeder; i t  IS probably representat ive of 
advanced,  fully developed fas t  reactors  which 
could b e  ava i lab le  for construct ion in t h e  1980-85 
period. 

4A.2.1 Capital  Costs 

All  other  c a p i t a l  c o s t  d a t a  were obtained by 
extrapolat ing t h e  individual cost accounts  for the  
10,000 Mw(therma1) reactor to lower power ratings. 
T h e s e  extrapolat ions were made by us ing  extrapo- 
la t ion data  on other  reactor concepts  (BWR, HTGR, 
and HWOCR) as guides,  hut it was  necessary  to 
make intui t ive judgmerits on the degree of appl ic-  
abi l i ty  of the  da ta  from other concepts .  In shor t ,  
the  c o s t  trend with size given in Fig .  4A.5 is 
specula t ive .  T h e s e  costs include indirect  con- 
s t ruct ion cost factors  (24 to 28% of direct  plant 
c o s t )  and  al low for general and  adminis t ra t ive,  
miscel laneous construct ion,  ~,.rchitect-engii7.eer 
fees, nuclear  engineer  f e e s ,  s tar tup,  and contin- 
gency. They d o  not include esca la t ion  and in te res t  
during construction. T h e  breakdown of capi ta  I c o s t  
into three equipment groups fnuclear i s land ,  tur- 
bine plant ,  and  condenser  package) is somewhat  
a rbi t rar y because  the r e  a r e  no c lea r- c ut inte  r faces  
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T a b l e  4A,4. Capitol Cost Summary for 10,000 Mw(Thernia1) l3880 M w ( E l e c t r i c a l ) l  LMFBR 

Cos t  Account 

Cost (millions of dollars) 
-. . . . . . .._. . . . .. .- 

Turbine-Generator 
Plant Without 

Condenser 

C: ond en sei Power 
Package  Plan t  

Nuclear 
Island 

Direct Cos t  
Structures 
Reactor 
Turbine generator 
Accessory electric 
Miscellaneous power plant equipment 

Tota l  direct  cos t  

Indirect cos t  excluding interest  during 
construction 

Total  construction cos t  excluding 
interest  during construction and land 

__.____I___... 

20.80 
112.85 

6.00 
1 .00  

140.65 

34.06 

__.._ 

174.71 

5.50 
16.35 
84.25 
5.40 
1.00 

112.50 

27.25 

139.75 

1 .60  27.90 
129.20 

14.40 98.65 
0 .20  11.60 

2 .00  

16.20 269.35 

3.92 65.23 

_I__ __Î  

20.12 334.58 

among t h e s e  groups. Nevertheless ,  there  i s  no 
way t o  avoid t h i s  arbi t rar iness  in the “building 
block” approach to  eva lua t ing  a desa l t ing  complex. 

4A.2.2 Operation and Maintenance 

It wi l l  be severa l  years  before operation and 
maintenance c o s t s  a r e  known for large light-water 
reactors .  Es t imates  of operation and maintenance 
c o s t s  for large f a s t  breeder reactors  a r e  es t imated 
to  b e  85% of operation and maintenance es t imates  
for light-water reactors  and are l i t t le  more than 
guesses .  I t  is not e s s e n t i a l ,  however, that the 
operation and maintenance c o s t  be  known pre- 
c i se ly ,  s i n c e  this  component i s  not usual ly  a 
major contributor t o  t h e  total c o s t  of energy from 
large reactors .  

4A.2.3 Fuel C y c l e  

F u e l  cyc le  c o s t s  a r e  based on the equilibrium 
fuel c y c l e  descr ibed i n  ref. 19, Chap. 4, and t h e  
c o s t  data developed a t  ORNL and summarized in  
T a b l e  4A.6 .  T h e  main assumptions required to  
compute the fue l  c y c l e  c o s t s  are: 

Total annual quantity of U + Pu  
required 

Annual quantity of LJ Pu re- 
quired for core and axial  
blanket 

Annual quantity of U required 
for radial blanket 

Reactor loading of P u f  

Value of P u  

c o s t  of u,o, 
Pu credit 

Fraction of fuel inventoiy not 
in core (based on a fuel hold- 
up peiiod of 182.5 days) 

93.2 metric tons 

42.6 metric tons 

50.6 metric tons 

10.5 metric tons 

$10.00 per  gram 

$8.00 per pound 

0.172 rnill,/kwhr 
(thermal) 

0.45 

4A.3 Est imated power C o s t  from Mol ten-Sal t  
Breeder Reoctors (MSBW) 

QA.3.1 Cnpital C o s t s  

T h e  capi ta l  c o s t  es t imates ,  given in  Table  4A.7, 
for a 1000 Mw(electrica1) MSBR are  based  on the  
current ORNL refcrence design for a fully de- 
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Table 4A.5. Characteristics of 10,000 Mw(Therma1) 
LMFBR 

C: o o1an.t 
Core geometry 
Fuel material 

Core and ax ia l  blanket 
Radia l  blanket 

Cladding material  
Core  dimensions 

Active height, ft 
Inside diameter, f t  
Outside diameter, f l  

C:ore volume, f t 3  
Core inlet pressure,  psia 
Core in le t  temperature, "F 
Core outlet temperature, "F 
F i s s i l e  loading, metric tons 
Fer t i le  loading, metric tons 
Breeding ratio 
Doubling time, years  
Average core bWnUp, Mwd/Metric ton 
L i f e  of fuel in core,  years  
Refuelings per year 

Reactor v e s  s e i  
Material 
Inside diameter, f t  
Inside height, f t  

Cooling sys tem 
N u d e r  of loops 
Steam pressure,  p s i a  
Steam temperature, "F 

Sodium 
Annular 

(LJ -t Pu)C 
u-10 wt % Zr 
304 ss 

3.6 
20 
2s  
G O O  
120 
720 
1050 
10.5 
246 
1.4 
7 
110,000 
2 
2 

304 ss 
40 
61 

6 
2400 
900 

veloped reactor. T h i s  des ign  is t h e  same in con- 
cept ,  bu t  not i n  de ta i l ,  as t h e  reference plant  pre- 
serited in ref. 21, Chap. 4. One of the  more  
s ignif icant  changes  i s  t h e  present  four-module 
arrangement as opposed t o  t h e  previous single- 
module plant. T h i s  change w a s  based on reliability 
considerat ions.  Per t inent  design charac te r i s t ics  
art: summarized in  T a b l e  44.8. 

T h e  reference des ign ,  designated MSBR (Pa) ,  is 
a twtrregion, two-fluid s y s  t e m  with fuel s a l t  s e p a -  
rated from the  blanket  s a l t  by graphite tubes.  T h e  
fuel salt c o n s i s t s  of uranium fluoride d isso lved  in 
D carr ier  s a l t  of lithium and beryllium fluorides, 
and the  blanket s a l t  conta ins  thorium fluoride d i s -  
so lved  i.n a s imi la r  carr ier  s a l t .  T h e  energy gen- 
erated in the reactor  fluid i s  trans€erred to  a sec- 

ondary coolant-sal t  c i rcui t ,  which couples  t h e  
reactor  to a supercr i t ica l  s team cycle .  

Reac tor  capi ta l  c o s t  data  for the 4500 Mw(e1ec- 
f.rica1) unit a l s o  shown in T a b l e  4A.7 were obtained 
by extrapolat ing the individual c o s t  accounts  of 
the reference design.  T h e  rat ionale  for t h i s  is 
based on t h e  observation that  e a c h  module i n  t h e  
present  reference d e s i g n  is one-fourth the  size of 
the  module i n  t h e  ear l ier  design;  thus a comparison 
of t h e  c o s t s  g ives  a n  indication o f  the  cos t - sca l ing  
charac te r i s t ics  of t h e  c o s t  accounts  for s t ruc tures  
and reactor. In the  present  s tudy ,  a four-module 
arrangement w a s  assumed for  a l l  reactor ra t ings.  
Although the c o s t  es t imates  for very large MSBR's 
a r e  specula t ive ,  they a r e  the b e s t  that c a n  be ob- 
ta ined without a des ign .  Capi ta l  c o s t s ,  based on  
the da ta  in T a b l e  44.7 and including indirect c o s t s  
as  used for t h e  FBR case: above,  a re  shown as a 
function of s t a t i o n  s i z e  in  Fig. 4A.S. 

414.3.2 Operation and Maintenance 

Operation and maintenance c o s t s  were  taken the 
s a m e  d s  for  f h e  F H R  case 

If t h e  MSBR dcvelopment and dtvnonstration pro- 
gram progresses  a s  planned,  construct ion could b e  
s ta r ted  on a commercial 1000 Mw(electrica1) MSHR 
in thc period 1975 to 1980. Construction on a 
larger vers ion could begin  in the  period 1980 to 
1985 

4A.3.3 Fuel Cycle Costs 

T h e  fuel c y c l e  c o s t  variation with reactor ra t ing 
is direct ly  re la ted to  t h e  d e c r e a s e  in unit cap i ta l  
and operat ing c o s t s  as the  on-si te  f u d - r e c y c l e  
process ing  plant  becomes larger. In fuel  process-  
ing, fluoride-volatility and vacuum-distillation 
operat ions a r e  used  for t h e  fuel fluid, and direct-. 
protactinium-removal processing is appl ied to the 
blanket s t ream. Detailed information on process-  
ing is given in re f .  21, Chap. 4, and in ref. 4. T h e  
fuel c y c l e  c o s t  is made up of t h e  following five 
components: 

4 W .  L. Carter and M. E. Whatley, Furl  and Nlanket 
Prncesairig Ui~velopnient for Molten S a l t  Breeder  
Reactors,  ORNL-TM-I852 ( June  1967). 
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1. 

2. 
3. 

4.  

5. 

process ing  plant fixed cos t ,  

p rocess ing  plant  operating c o s t ,  

material inventory c o s t ,  

material replacement c o s t ,  

f i s s i l e  production credi t .  

4A.4 E W ~ O K J B Q ~  Technology and Capita! 

This  s e c t i o n  of t h e  appendix conta ins  a 
d iscuss ion  of t h e  evaporator  technologies  
major c o s t  factors  used  in t h i s  s tudy.  

C Q S t S  

brief 
and the 

T h e  bas ic  da ta  required to  ca lcu la te  e a c h  of the 4A.4.1 Performance Ruf io  
above components a r e  shown in .Table 4A.9 for 
two reactor ra t ings.  Based  or! these  da ta ,  F ig .  
4A.6 w a s  prepared t o  show t h e  effect of in te res t  
rate and reactor  s i z e  on the fuel  c y c l e  cost .  

The performance ratio (PPI) is defined as the 
number of pounds of desa l ted  water produced per 
1000 Rtu of input heat. T h e  Pi? may be  increased 

ORNL-DWC 68-20778 
.. . . . . . . . .......... ~ 

r n I  

2 0 0 0  3000 4000 
TURBINE OR CONDENSER STAl ION SIZE (Mw,) 

40r 7 71 -711 
35 1 

2 0 0 0  3000 4 0 0 0  6000 8000 10,000 
REACWR STATION POWER (Mw,) 

Fig.  4A.5. Installed Costs of Nuclear,  Turbine-Generator, and Condenser Islands for Advanced Breeder Reactor 

Power  Stations. 
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Table 4A.6. Estimated Fuel Cycle  Costs for 10,000 Mw(Therma1) FBR" 

Fuel Preparation. Core, Axial Blanket, and Radial Blanket 

Plant  throughput, metric tons /d ay 
Losses ,  % 
Operating days  per year 
P lan t  investment, millions of dollars 
Operating cos t ,  millions of dollars per year 
Dollars per  kilogram of U P u  ai f lxed charge rate = 

22%/year 

2.70 
0.2 

260 
14.8 

3 . 1 

9.0 

Fuel Fabricotion. Plant Size for 50,000 Mw(Therma1) 

Core plus Axiat Blanket Radial Blanket 

Plant throughput, metric tons/day 
Operating days  per yenr 
PIant investment, millions of dollars 
Operating cos ts ,  millions of dollars per year 
Hardware, inillions of dollars per year 
Dollars per kilogram o f  U A- P u  a t  fixed charge r a t e  = 

2 2%/year 

0.82 
260 

22.9 
5.1 
8.5 

88 

Reprocessing. D ual-Purpose P lanth 

Plant  design capacity,  metric tons/day 
Losses ,  % 
Cpcqating days  per year 

Plant  mvestinent, millions of dollars 
Operating cost, tnillions of dollars per year 
Waste disposal,  millions of dollars per year 
Daily processing charge, dollars per day 
Throughput on LMFBR fuel, metric lon/day 
Days p e r  year  on LMFBR fuel 
Tota l  annual cost  for LMFRR fuel, millions of dollars 
Dollars per kilogram of U + P u  for LMFBR fueld 

0.96 
260 
10.1 

3.2 
3.4 

35  

l o c  
1 

260 
70.4 

7 . 0  

6.5 
112,000 

6 
116 

13.0 
18.6 

Shipping Costs 

Core plus Axial Blanket Radial  Blanket 

F e e d  fuel,  dollars per k i logam of U + P u  
Spent fuel, dollars per kilogram of U + he 
Tota l ,  dollars per kilogram of U i- P u  

2 .0  
16.0 
18.0 

0.60 
2.40 
3 .00  

aFuel  cyc le  c o s t s  are based  on the 1985 desalination ground rules,  let. 18, chap. 4. 
bPlant processing both LWR and  FBR Fuel.  
'On light-wat er reactor fuel. 
dFor core, axial  blanket,  and rad ia l  blanket processed together. 
CFuel assembl ies  shipped in  fully assembled condition. 



T a b l e  4A.7, Capital  Cost  Summary for 2225 Mw(Therma1) [lo00 Mw(Electrica1)I and 10,000 Mw(Therrna1) 
[4500 M?*r(Electrical)l MSBR 

C o s t  (millions of do l la rs )  for 1000 Cos t  (inillions of dol la rs )  for 4500 
Mw(Electrica1) P l a n t  Mw(Electrisa1) P l a n t  ...... .- Cost  Account  

Turbine-Genera tor T u r b i n e G e n e r a t o r  
Nuclear  Plant Without Condenser  Power Nuclear  Plant  without Condenser  Power  

I s land  Condenser P a c k a g e  P l a n t  Is land Condenser P a c k a g e  P l a n t  

Direct  c o s t s  
Structures  
Reac tor  

Turbine generator  
Accessory e l e c t r i c  
Miscel laneous power 

plant equipment 

T o t a l  direct  c o s t  

Indirect  c o s t s ,  ex-  
c ludine  interest  

during construct ion 

Tota  1 c o n s  truc- 

tion c o s t  exclud-  
ing in te res t  dur- 

ing construct ion 
and land 

i .20 
47.10 

0 

2.20 
0.50 

- 
57.00 

16.36 

2.80 
6.80 

20.00 
2.20 
0.50 

-- 
32.30 

9.27 

73.36 41.57 

0.80 
0 
3.20 
0.10 
0 

- 
4.10 

1.18 

5.28 

10.80 
53.90 
23.20 

4.50 
1 . 0 0  

14.10 
141.10 

0 
6.00 
1.00 

93.40 

26.81 

120.21 

162.20 

38.93 

201.13 

6.70 
24.0 
90.00 

5.40 
1.00 

127.10 

30.50 

- .- 

157.60 

1.90 22.70 
0 165.10 

12.70 102.70 
0.20 11.60 
0 2.00 

I___ - 
14.80 304.10 

3.55 72.98 

-. ....... 

18.35 377.08 

by adding more hea t  transfer surface in e i ther  the  
MSF or V T E  concept. The  instal led capi la l  cost 
of the evaporator increases  with an increase  in  P R ,  
as  shown in Fig.  4A.7, where the c o s t s  a r e  given 
for bath evaporator types  and for severa l  plant 
s i z e s .  Over the current range of interest ,  it  has  
been shown that  the  optimum P R  i s  re la t ively in- 
s e n s i t i v e  to  var ia t ions in  the desigrr parameters 
considcred for th i s  appl icat ion,  and,  a s  is indicated 
in Sect. 4.5  of Chap. 4, 
as the reference value. 

4A.4.2 Maximum Brine 
Pretreatment of 

a P R  value of 1 2  w a s  used  

Temperature and Chernic~l  
Seawater 

If untreated seawater  is heated to  a temperature 
above about  170"F, s o m e  of t h e  s a l t s  wil l  precipi- 
t a te  and form a s c a l e  on t h e  hea t  t ransfer  sur face  
and thereby reduce t h e  heat  transfer e f fec t iveness .  

T h e  coriventional treatment method of sulfur ic  
ac id  addition and  deaeration (removal of C 0 2 )  
al lows t h i s  temperature to be increased t o  250 or 
260OF. T h i s  treatrnent h a s  been adopted for the  
reference des ign ,  but  a n  al ternat ive method us ing  
caus t ic  and/or hydrochloric ac id  (from e lec t ro lys i s  
of brine), as d i s c u s s e d  i n  Appendix 5 A ,  is con-  
s idered i n  some of t h e  complexes. T h e  n a i n  ad-  
vantages of t h i s  method are t h e  elimination of a 
dependence on sulfur (" lo5  tons/year  for a 1000- 
Mgd evaporator plant) and a n  economic at t ract ive-  
n e s s  of integration in the  indu-strial complex. 

T h e  incoming seawater  is a l s o  treated for a l g a e  
control by chlor ine addition, and a defoaming agent  
i s  also added.  C o s t s  a s s o c i a t e d  with t h e s e  
p r o c e s s e s  a r e  included in  the overall costs for 
t h e  plant. 

Allowances have  also been made for product 
water treatment t o  reduce subsequent  sys tem cor- 
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T a b l e  4A.8. Character ist ics of CI 1000 Mw(Electrica1) 

(2225 Mw(Therrnal)l MSBR 

P l a n t  arrangement  

Reac tor  v e s s e l  (one of four) 
Outs ide  diameter ,  f t  
Overa l l  he ight ,  f t  
Materral 

C o r e  (one of four) 
Act ive height ,  f t  
Diameter, f t  
~ o ~ u m e ,  f t3  
Average power dens i ty ,  
kw /.Liter 

F u e l  s a l t  
Nominal composi t ion,  mole 7'0 

LiF 
R e F  
UF, ( f i s s i l e )  

Inlet temperature ,  "F 
Out le t  temperature ,  "F 

Blanket  s a l t  
Composi t ion,  mole 70 

LiF 
BeFz 
T h F ,  

Inlet temperature ,  O F  

0 u t . M  temperature ,  "F 

System inventory, kg 
F i s s i l e  
F e r  t i l e  

Net  breeding rat io  

Doubling t ime for  s y s t e m  of react.ors, 

y e a r s  

Steani temperature ,  OF 

Steam pressure ,  p s i a  

Net  e l e c t r i c a l  e f f ic iency ,  % 

F o u r  modules  

-' 11 
12 

Has te l loy  N 

8.0 
6 .3  
253 
80 

63.6 

36.2 
0.22 
1000 
1300  

71.0 
2.0 
27.0 
11.50 
1250 

712.0  
126,000 

1.062 

10.2 

1000 

3600 

45.0 

rosion; however, th i s  is a n  area  f o r  further s t u d y  
and  ultimately may not be  required for t h e  water  
used in  agr icul ture .  

4A.4.3 Concentration Ratio 

T h e  evaporator  concentration ratio (CR) is de-  
fined as the ra t io  of t h e  s o l i d s  concentrat ion in  

o.ec 

0.70 

0.60 

0.513 

-7 m - *_ 

2 0.40 
-2 - - .- 
F 
t- g 0.30 
V 
0 
_I 

V 

J !Li 

u 

Y 

0.20 

0.1 

ORNL-DWG E 8 - 2 0 I H A  
I I 

NOTE BASED ON 20 YEaR LIFE FOR 
PROCESSING PLANT 

2000 3000 4000 5000 EO00 8000 10,000 
HEACT~R ~ ~ E R M P I -  POWER [MW,] 

Fig. 4A.6. F u e l  C y c l e  Costs for Molten-Salt Breeder 

Reactors w i th  Associated F u e l  Processing Plants.  

the  brine blowdown to t h a t  in t h e  incoming sea- 
water. From pas t  s t u d i e s  t h e  optimum value of 
C K  w a s  shown to b e  between 2 and 3 .  T h e  va lues  
adopted in  this  s t u d y  were 2.0 for the  MSF des ign  
and 2.5 for t h e  VTE. 

If a so lar  salt farm is included as par t  of t h e  
coniplex, there  is s o m e  advantage in us ing  a higher 
concentrat ion rat io ,  s i n c e  th i s  d e c r e a s e s  the  land 
area requirements of t h e  s a l t  works.  

4A.4.4 Seawater Temperature 

T h e  s e a w a t e r  temperature inf luences to a smal l  
degree t h e  cost and/or t h e  output of a n  evaporator. 
Since t h i s  temperature will vary s e a s o n a l l y  over 
the  period of a year ,  t h e  output of a given evapora-  
tor wil l  change.  A temperature r i s e  from 60°F' to 
80°F would c a u s e  less than  a 3% d e c r e a s e  in t h e  
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Table 4A.9. Summary o f  Fuel C y c l e  Data for an MSBW 

1000 Mw(Electrica1) 4000 Mw(Electrica1) 
[2225 M d T h e r m a l ) ]  [8900 Mw(Therma1)1 

P l a n t  factor  0.9 0.9 

Material inventory,  kg 
Fissile 

2 3 3 u  

U 2 3 5  

Pa 2 3 3  

Fer t i le :  2 3 2 T h  
Carrier: Li-Be-F 

Material inventory va lues ,  mil l ions of do l la rs  

F i s s i l e  
2 3 3 U a  

2 3 S U  

3 ~ a  
Fer t i le :  2 3 2 T h  
Carrier: L i -Be-F  

Tota l  mater ia l  va lue  

F i s s i l e  production rate ,  kg/year 
2 3 3 u  

2 3 5  U 

Credi t  for f i s s i l e  production, mil l ions of dol la rs  

per year 
2 3 3 u  

2 3 5 u  

712.0 
68.4 
100.4 
126,000 
123,600 

9.968 
0.834 
1.406 
1.559 
3.210 
I .......... -- 

16.98 

41.128 
3.968 

0.5683 
0.0478 

2848.0 
273.6 
401.6 
504,000 
494,400 

39.872 
3.335 
5.622 
6.234 
12.840 

67.91 

164.510 
15.872 

2.2730 
0.1912 

T o t a l  c red i t  0.6161 2.4642 

Material rep lacement  ra tes ,  k g l y e a r  
F e r t i l e  

Carr ier  
Material replacercent  c o s t s ,  mil l ions of dol lars  

per  year  
F e r t i l e  
Carr ier  

T o t a l  rep lacement  c o s t s  

Annual operat ing c o s t  for  process ing  plant ,  

mil l ions of do l la rs  per  year  

3258.7 
20892.6 

0.0403 
0.5426 

0.5829 

13034.8 
83570.4 

0.1612 
2.1704 

2.3316 

0.6113 1.187 

C a p i t a l  c o s t  of processL7g plant ,  mil l ions 7.960 11.390 

of dol la rs  
......... .......... _______ ......... 

~ ............. ~ 

B L 3 3 U  valued  a t  $14.00 per gram, including a penal ty  for 2 3 6 U .  T h i s  is c o n s i s t e n t  with t h e  desa l t ing  ground ru les ,  
which spec i fy  a v a l u e  of $17.59 per  grain f o r  pure 233U.  
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F i g .  4A.7. Copital Costs for Evoporotor. 

plant  o u t p ~ t . ~  T h i s  change  of 20°F due  t o  sea- 
s o n a l  temperature variations would b e  typical  of 
t h e  plant  locat ions considered i n  th i s  s tudy  and 
would mean that t h e  evaporator caplb i l i ty  would 
be somewhat  l e s s  in summer than in  winter. 

The reference des ign  va lue  for t h e  m,, oTn sea- 
water temperature was  taken  as 65°F, and  the 
brine blowdown w a s  92°F. Increas ing  the mean 
s e a w a t e r  temperature  by 10°F would increase  the 
investment  c o s t  by about  7%. Since da ta  on the  
mean seawater  temperatures were not obtained for 
the appl icat ions considered i n  this  s tudy ,  the  
e f fec t  o f  t h i s  parameter on evaporator c o s t  w a s  
not i tic lud e d . 

4A.4.5 Train Size 

It is desirablc t o  divide large evaporators  in to  
paral le l  operat ing evaporator  uni ts ,  or t ra ins ,  so 

H. R. Payne, K. A .  Ebal, and R. R. Winsbro, A n  
Irivestigntiori of Ilual-l’iirpose Power  and W a t e r  P lants  
fur Z s r a c l ,  ORNL-CF-63-1-19 (Jan. 19, 1968). 

5 

that  portions of the  plant  caii be s h u t  down for 
maintenance o r  enietgencv repairs  wif hout c o m -  
pletely s topping  water  production. In the  a b s e n c e  
of  i2 deta i led  ana lys i s ,  i t  w a s  decided t o  assume 
train sizes of  50 to 250 Mgd and two t u  five trains 
per plant, depending on plant  size. 

4A.4.6 Maim Cost Factors 

T h e  evaporator d e s i g n s  and  c a s t s  were based  
primarily on t h e  ORNL design arid t h e  a s s o c i a t e d  
optimization computer code  (ref. 27, Chap. 4). T h e  
c o s t  of t h e  h e a t  exchange  tubing is t h e  major single 
cost item of a n  evaporator plant, comprising 45% of 
t h e  MSF ccst and about  40% for the VTh‘,. T h e  
evaporator s h e l l  is t h e  next  largest  contributor to  
t h e  total  c o s t ,  be ing  about  18%. Auxiliary facili- 
t i e s ,  including s e a w a t e r  intake,  chemical treat- 
ment, and  deaerator ,  would account  for approxi- 
mately 15% of t h e  d i r e c t  costs of t h e  en t i re  evapora- 
tor plant. Pumps ,  piping, and  va lves  a l s o  nomitially 
make up about  15% o f  t h e  evaporator c a p i t a l  c o s t  
in both des igns .  T h e  total c e s t  for a given size 
plant ,  however ,  is signif icant ly  less for  t h e  V T E  
design.  

T h e  itistalled tubing c o s t  us ing  90/10 (Cu/Ni) 
a l loy w a s  taken as $2.60 per square foot for the  
MSF plant  a n d  for t h e  MSF preheater in  t.he vertical-- 
tube plant. T h e  tub ing  (doubly fluted) c o s t  for  the  
VTE us ing  Qlin 1.94 alloy (91.3% Cu,  8.0% F e ,  
0.8% F’j w a s  t a k e n  as S3.00 per  square foot. (10 f t  
land. The 90/10 tubes were assumed to have  a 
30-year lifetime, whereas th.e Oliri 194 tubes were  
assumed t o  require  replacenient zxfter 15 years  of 
s C? rv i (:e. 

Operation and  maintenarlce ccslts include labor 
for t h e  normal  operation of t h e  plant  plus  labor for 
both routine arid emergency maintenance and re- 
pair .  Maintenance mater ia ls  are also part o€ t h i s  
cos t .  ’The maintenance c o s t s  in  a duill-purpose 
plant  (power/water) as considered in  th i s  s tudy 
are less than for s e p a r a t e  power arid water plants  
s ince  personnel, both laborers and  supervisors ,  
c a n  b e  shared .  T h e  increment i n  operation and 
maintenance ciosts for inclusion of a11 evaporator 
in a dual-purpose plant  was assumed t o  vary (to 
the 0.7 power) wit.h t h e  cotst of t h e  evaporator. T h e  
annual  operation and maintenance cost (excluding 
chemical  treatment. costs) for a $250 million 
evaporator w a s  taken ; IS  $2.7 million. T h i s  method 
w a s  chosen  i n  order to be cons is ten t  with the 
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Office of Saline Water and ORNL recommenda- 
tions. 

T h e  indirect charge factor of 1.124 used in  th i s  
study i s  made up of the following factors :  
for temporaiy s t ruc tures ,  1 . 0 3  for des ign  and 
supervis ion,  and 1.08 for cont ingencies .  T h e  
indirect charge factor i s  appl ied to the total  
direct construct ion c o s t .  Interest  during con- 
s t ruct ion w a s  computed separa te ly  a s  a function 
of the c o s t  of money and a s s u m e s  a three-year 
construction period in  the United S ta tes  and four 
years overseas .  T h e  fac to is  used  to  allow for 
interest  d1irin.g construct ion a r e  d i s c u s s e d  in  

1 .01  

Chap. 3 ,  Sect .  3.4.  Also included in  Chap. 3 
i s  a d i scuss ion  of how other charges  aga ins t  
capi ta l ,  such  a s  s inking fund and r- aturn on 
investment, a r e  included.  

for both MSF and  V T  evaporators based  on t h e  
above-discussed design and c o s t  assumptions 
a re  summarized in  Fig.  4 A . 8  as  the c o s t  per 
gallon per day v s  capac i ty  in millions of gal lons 
per day for severa l  performance rat ios .  It should 
be emphasized that  t h c s c  data  do not include 
interest  during construction, s i n c e  al lowance for 
th i s  is made la ter  ( see  Chap. 7 ) .  

T h e  capi ta l  c o s t s  (direct  plus  indirect cos ts )  

O R N L  D f l G C 3  449A m -7 
_ _  

NOTE INCLUDES INDIRECT CHARGES BUT NO 

I N T E R E S T  DURING CONSTRUCTION 

5 0  

t- 
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3 
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F i g .  4A.B. Unit Costs for Evaporator. 



Appendix 5A 

PREEVAPORATION SEAWATER TREATMENT AND PRODUCTION OF CHEMICALS 
FROM SOLAR SALT BITTERNS 

T h i s  appendix provides  addi t ional  d a t a  on (1) 
seawater  pretreatment methods designed t o  prevent  
s c a l i n g  of t h e  h e a t  t ransfer  s u r f a c e s  i n  t h e  sea- 
water evaporator, (2) t h e  recovery of chemica ls  
from so lar  s a l t  bi t terns ,  and ( 3 )  t h e  electrolyt ic  
reduction of anhydrous magnesium chlor ide to  
magnesium metal. The f i rs t  par t  of t h e  appendix 
provides  further technica l  background on the  in- 
formation presented  i n  Sect. 5 3.3; t h e  la t ter  par t  
of t h e  appendix g i v e s  addi t ional  d e t a i l s  of t h e  c o s t  
a n a l y s e s  and comparisons presented  i n  Sect. 5.5.1. 

5A.1 Process Descriptions 

Seawater Treatment. - Caust ic-chlor ine produc- 
tion offers  t h e  possibi l i ty  of u s i n g  a c losed-cyc le  
seawater  treatment scheme which employs c a u s t i c  
soda,  hydrochloric ac id ,  or any  combination thereof. 
For a c i d  t reatment  of seawater ,  the  hydrochloric 
sicid is formed by t h e  recombination and  aqueous 
dissolut ion of t h e  chlor ine and hydrogen produced 
i n  brine e lec t ro lys i s .  With c a u s t i c  s o d a  treatment, 
the  spent  brine e lec t ro lys i s  cell liquor, containing 
equimolar amounts of c a u s t i c  s o d a  and unelectro- 
lyzed sa l t ,  is  added direct ly  to t h e  seawater .  

by evaporation i n c l u d e s  (1) t h e  removal of bicar- 
bonate from t h e  s e a w a t e r  t o  prevent  t h e  formation 
o f  a lkal ine scale rC;iC03,  Mg(OH),] a t  evaporator 
temperatures of 170 t o  180°F and (2) par t ia l  t o  
complei e removal of calcium to prevent  the  pre- 
c ipi ta t ion o€ calcium s u l f a t e  as anhydrite (CaSO,) 
a t  260°F and above. Acid treatment conver t s  bi- 
carbonate  to  carbon dioxide gas, whereas  c a u s t i c  
treatment y i e l d s  carbonate  ion, which conibines 
with t h e  calcium ion present  i n  seawater  t o  pre- 
c ip i ta te  calcium carbonate .  T h e  mechanisms of 
t h e s e  reac t ions  are:  

&awater treatment prior t o  f reshwater  production 

H +  OH-  + 

CQ 2/r + H ,O HCO- ;co;- t H,O . 
I 3 

d 
CaCO 

In ei ther  case, only o n e  mole-equivalent of reagent 
is required to convert  o n e  equivalent  o f  bicarbon- 
ate t o  e i ther  CO, or CaCO,. T h u s  t h e  caus t ic -  
chlor ine plant  size when appl ied to seawater  treal- 
ment a lone,  including s a l e  of by-products, is fixed 
by t h e  volume of seawater  t o  b e  t reated.  

In a nuclear desa l ina t ion  plant  that  produces 
1000 Mgd of fresh water with a brine concentration 
factor of 2, a caust ic-chlor ine plant  that  produces 
a minimum of 710 t o n s  of C1 per  day would be re-  
quired to t reat  2000 Mgd o f  seawater  in  cases 
wheri. e i ther  NaOH or  HC1, alone, is u s e d  for s e a -  
water treatment. For t h e  equimolar treatment c a s e ,  
in which one half of the  s e a w a t e r  i s  t reated with 
HC1 and t h e  remainder with MaOtl, the  minimum- 
size plant  would be reduced t o  355 tans of el, per 
day; in t h i s  case all t h e  c a u s t i c  and chlorine (as 
I-ICl) produced would be  consumed i n  seawater  
treatment. 

Bicarbonate  removal with hydrochloric acid alone 
should al.low a maximum brine temperature of 272OF. 
Caus t ic  s o d a  treatment should al tow a maximum 
temperature of 294"F, s i n c e  23% of t h e  calcium is 
removed in  addition to a l l  of t h e  bicarbonate. 
Treatment of one  half of t h e  seawater  with HC1 and 
the  remainder with NaOH (12% calcium removal) 
should allow a maximum brine temperature of 
283°F. T h e s e  a r e  all projected temperatures  
based  on t h e  equilibrium d a t a  of Marshall and 
Slushex' and on t h e  actual  brine temperature of 
260" F a t ta ined  i n  prac t ice  af ter  sujfur ic  acid treat- 
ment. ' Either  sulfur ic  acid or ni t r ic  acid could be 
used  as a l te rna t ives  for acid treatment; I-INO,, l i k e  
HC1, should al low temperatures  a s  high a s  272°F v s  
260°F for sulfur ic  acid.  

If a n  evaporator temperatune of over 294°F is 
des i red  i n  order t o  r a i s e  the  rat io  of water to power 
produced or t o  achieve  a more economical process  

'W. I.. Mnrshnll and R. Slusher, "Aqueous S y s t e m s  a t  
High 'Fernperatwe. Solubility of Calcium Sulfate and Its 
Hydrates in Seawater and Saline Water Concentrates and 
Temperature, Concentration Limits," J .  Chem. Eng.  Data 
13, 83 (January 1968). 

' Sa l ine  W a f e r  Conversion Report  for 1 ~ 6 5 ,  p. 218, 
U.S. Dept .  of Interior, O f f i c e  of Saline Water, Washing- 
tun ,  D.C. 
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in  2 dual-purpose plant  operating a t  t h e  baclr- 
pressure point and assurnillg that  evaporator ma-  
t e r ia l s  and high-pressure des ign  problems c a n  b e  
solved, then additional calciuin removal is neces-  
sary. T h i s  c a n  he accomplished by t h e  addition 
of soda  ash ( N a 2 C 0 3 )  along with c a u s t i c  soda t o  
precipi ta te  calcium in e x c e s s  of that equivalent t o  
the  HC0,- present .  T h e  s o d a  a s h  c a n  b e  pro- 
duced by several  methods, including (1) treatment 
of c a u s t i c  with carbon dioxide obtained, for ex- 
anpie, f r o m  calcinat ion of CaCO, previously pre- 
c ipi ta ted by seawater  treatment, or (2) the  Solvay 
process ,  which produces s o d a  a s h  and ammonium 
chloride from s a l t ,  ammonia, and recycled carbon 
dioxide. T h e  ammonia c a n  also be  totally re- 
cycled if  t h e  ammonium chlor ide product is con- 
verted to  calcium chlor ide (CaC1 ,) by reaction 
with calcium hydroxide. As will be  shown later ,  
u s e  of CaCI 
greatly i n c r e a s e s  KCI and MgCl y ie lds  2nd pro- 
v ides  t h e  possibi l i ty  of producing sulfuric acid 
and portland cement from t h e  so la r  s a l t  bitterns. 

Caustic-chlorine production in  conjunction with 
seawater  treatment c a n  also b e  adapted t o  the  de- 
matid i n  a par t icular  l o c a l e  for e a c h  product. Sea- 
water treatment with NaOIJ alone 2nd s a l e  of a l l  
the  chlorine should be  most advantageous in an 
industrialized nation; t h e  reverse  approach would 
be  bes t  in a developing country. Actually, any 
ratio of Cl,/NaOM c a n  be produced for sale by ap- 
propriate ratioing of t h e  NaOII/C12 t o  be  used  for 
seawater  treatment. As noted previously, e x c e s s  
hydrogen from brine e lec t ro lys i s  c a n  be  used  ei ther  
for additional ammonia production or t h e  rediiction 
of iron ore. 

T h e  seawater  treatment system will include, 
first,  a rough screening sys tem t o  remove .)_ -e aw a t e r 
l i fe ,  sand,  s h e l l s ,  coral ,  driftwood, and other de- 
bris. When only acid treatment i s  used,  treatment 
c a n  he  achieved in  2 s e r i e s  of large,  open acid- 
seawater  mixers. If CO, recovery i s  desired for 
urea s y n t h e s i s  or for  other u s e s ,  c l o s e d  mixers 
and CO, col lect ion,  compression,  and s torage 
equipment will b e  required. With c a u s t i c  treatment 
all t h e  t reated seawater  must go through thickeners  
to concentrate  t h e  CaCO, precipi ta te .  T h e  t reated 
seawater  overflows t h e  thickener and cont inues on 
to t h e  evaporator after t h e  addi t ion of small amounts 
of chlorine and f o a m  inhibitors; the  thickened 
CaCO, underflow i s  pumped to a f i l ter  where FX- 

cess seawater is removed and residual  seawater  
washed out with fresh wa-ter t o  avoid corrosion in  

t o  produce sulfate-free bi t terns  

subsequent  equipment. T h e  CaCO, could then be 
dried a t  150°C t o  remove t h e  remaining water and 
finally calcined in  a c l o s e d  ca lc iner  at 1000°C to 
produce burnt l i m z  (CaO) and CU,, which may b e  
col lected,  compressed,  arid s tored for poss ib le  u s e  
in urea synthes is .  

Recovery o f  Chemicais  f i e m  Solar Sal t  Bitterns. --- 

The bi t terns  from the solar s a l t  works c a n  b e  proc- 
e s s e d  by any one  of several  s c h e m e s  to T F C O V ~  

Rr2, CaSO,, KCI, K,SO,, and MgCl,, Only t h e  
two more generally used  systeriis will b e  d iscussed  
here. In e i ther  case t h e  recovery of bromine may 
be  dnne f i r s t  with t h e  addition of chlor ine and 
steam. Chlorination of the bitierils a t  32' BC oxi- 
d i z e s  t h e  bromide ion t o  f ree  bromine gas ,  which 
can  then be recovered by s team disp la-  ccificnt. 
About 6.61 ton of chlorine is required per ton of 
bromine recovered. In t h e  f i rs t  scheme,  bromine 
recovery is followed by production of sulfate-free 
bi t terns  by precipitation of CaSO, with CaCi ,. 
The CaSO, c a n  then be  u s e d  in t h e  production of 
cement and sulfur ic  ac id .  'The sulfate-free bit- 
t e rns  are  then concentrated further to recover KCl 
hy t h e  precipitation of carnal l i te  (KCL-IMgCi ;6I-I 20) 
a t  33 t o  36' B6, by amine flotation t o  separa te  t h e  
carnal l i te  from t h e  coprecipi ta ted hal i te  (NaCl), 
and by leaching  t h e  carna l l i t e  with s a l t  bi t terns  
recycle  liquor, which d i s s o l v e s  MgCl and 1, e a v e s  
KCI a s  sol id  c rys ta l s .  In the second scheme,  
kaini te  (KCLMgSO, -3H,U) is precipitated at  33 t o  
36" B6 from s u l f a t e c o n t a i n i n g  bi t terns ,  i s  changed 
into schoeni te  (K,S04.MgS0, .6!-I,O) by a so l id-  
s t a t e  transformation, and i s  processed  by amine 
f lotat ion and water leaching. T h e  mother liquor in  
both cases is primarily MgCl,, containing soine s u l -  
f a t e  in t h e  second case. T h e  MgC1, liquor f r o m  
ei ther  scheme i s  then concentrated by additional 
s o l a r  (or possibly s team)  evaporat ion t o  40° Bd and 
then spray dried at 1200 t o  1650OF t o  produce MgCI, 
H20, which is dehydrated in  a n  e lec t r ic  fusion fur- 
nace a t  1550 t o  1750OF t o  produce anhydrous MgC1,. 
xMg 0. T h i s  compound i s  then chlorinated t o  pro- 
vide anhydrous hlgC1, for u s e  in  magr,esium metal 
production, a s  a l ready explained in Sect. 5.3.2. 

If gypsum recovery is desired,  scheme 1 i s  em- 
ployed. An excess of calcium chloride is added to 
precipi ta te  a l l  t h e  remaining s u l f a t e  from the  Br2- 
free bi t terns  a s  gypsum (CaSO,-2H *O>. 'The fil- 
tered and dried gypsum c a n  then b e  reacted with 
sand,  clay, and coke  at 2300OF i n  a kiln or a 
fluidized bed t o  produce cement  clinker; t h e  sulfur 
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dioxide off-gas c a n  then be  converted to concen- 
t ra ted (96%) sulfur ic  a c i d  by t h e  contac t  process .  

Regarding recover ies  of potassium and magne- 
sium, t h e  f i rs t  scheme,  us ing  sulfate-free bitterns, 
appears  to provide greater  y ie lds  than when sulfate-  
bearing bi t terns  a r e  employed. With t h e  f i rs t  
scheme,  83% of t h e  potass ium and 47% of the mag- 
nesium a r e  recovered; i n  t h e  al ternat ive scheme,  
only 62% of t h e  potassium and only 23% of the  
magnesium a r e  recovered.  On t h e  other  hand, agri- 
c u l t u r d i s t s  generally prefer t h e  su l fa te  form o f  
potassium and wil l  pay a premium for it. 

5A.Z Seawater Treatment Cost  Analysis 

Cost  of Seawater Treatment with HCI and NoOH. - 
Three  methods of seawater  treatment with HCl 
and/or NaOII were considered:  (1) NaOH treatment 
of o n e  half of t h e  s e a w a t e r  and t h e  ba lance  with 
HCI, (2) HC1 treatment of all t h e  seawater3  with a 
credi t  for t h e  co-produced NaOH, and ( 3 )  NaOH 
treatment of a l l  t h e  s e a w a t e r  with a credi t  for the  
chlorine co-produced. All  ra t ios  of NCl/NaOII 
from zero to infinity a re  feas ib le ,  t h e  optimum 
ratio being determined by the  c o s t  of seawater  
treatment and by t h e  market demand for c a u s t i c  
and chlor ine i n  a given locale. Cost e s t i m a t e s  of 
t h e s e  methods were compared with t h e  conventional 
method of sulfur ic  a c i d  addi t ion and with alterna- 
t ive methods also in t h e  development s tage :  
namely, C O  2-suppression 
carbonate  (LMC) process .  

For t h i s  report, one spec i f ic  case w a s  studied: 
the  treatment of 2000 Mgd of seawater  for u s e  in a 
nuclear desal inat ion plant  tha t  produces 1000 Mgd 
of fresh water at a brine concentrat ion factor of 2. 
‘She c o s t  of s a l t  for caust ic-chlor ine production 
was assumed to be $2/ton, which inc ludes  s o m e  
al lowance for sh ipping  charges .  However, when a 
nuclear  desal inat ion p lan t  is loca ted  i n  a n  ar id  
coastal deser t  region, salt could b e  recovered from 
brine evaporator eff luent  by s o l a r  evaporation; its 

and the  lime-magnesium 

3Presently being used in  a desalination plant in 
Kuwait; u s e  of  caust ic  for seawater  treatment requi res  
development. 

*E. A. Cadwallader, “Carbon Dioxide - cl’he Key t,o 
Economical Desalination;” h i d .  Eng- Chem. 59(1 0) 
(October 1967). 

%,MC process  ~e ve I oprnent of Precipitation proc  - 
esses for Removal of Scale Formers from Sea  Water, 
U.S. Department of the Interior, OSW, Research and 
Development Progress Report 192. 

c o s t  of recovery is about $ l / ton  (see Sect .  5.5.1, 
subsec t ion  en t i t l ed  “Solar Sal t  Manufacturing 
Costs”) when t h e  plant  capac i ty  is 6000 tons/day 
(2 million tons/year)  of NaCl. 

5A.1 to 5A.3. Figures  5rl.la-d are  comparisons 
of the  seawater  treatment c o s t s ,  i n  c e n t s  per thou- 
sand  ga l lons  of sof tened seawater ,  for 2.5, 5, 10,  
and 20% c o s t  of money, respect ively,  and for power 
costs in  t h e  range of 1 to 8 uiills/kwhr; no by- 
product c r e d i t s  a re  assumed i n  t h i s  s e t  of figures, 
and costs a r e  under United S t a t e s  condi t ions un- 
l e s s  otherwise noted. Until recently, sulfur ic  acid 
treatment w a s  m o s t  economic, but t h e  s teady  r i s e  
in  the  pr ice  of sulfur  h a s  led  to the  considerat ion 
of al ternat ive methods of t reat ing seawater .  Taking  
Fig.  5 A . l c  (10% c o s t  of money) a s  a n  example, i t  
is apparent t h a t  t h e  sulfur ic  a c i d  method w a s  cheap-  
e s t  when sulfur p r i c e s  were below $30/ton. Now 
with the world pr ice  of sulfur  a t  about  $50/ton 
(pr ices  as high a s  $63/ton have  been quoted), the  
break-even power c o s t  for equimolar NaOH and 
HC1 treatment of seawater  is 5.1 mills/kwhr. 
Break-even costs for t h e  methods tha t  u s e  HCL, 
NaOII, or CO 
higher than $50/ton. T h e  LMC met.hod i s  not com-  
pet i t ive with t h e  c o n v e n t i o n d  method of sulfur ic  
acid addition. 

Figures  5A.2~2 and SA.26 compare sulfur ic  acid 
treatment with the  methods tha t  u s e  HC1 alone or 
NaOtI a lone  and show t h e  reduction i n  t h e  c o s t  of 
t reat ing seawater  by taking c a u s t i c  c red i t s  for t h e  
HC1 p r o c e s s  and chlor ine credi t  for the  NaQH proc- 
ess. In a developing country, c a u s t i c  is the  com- 
modity in  greater  demand; there ,  seawater  treat- 
ment with WC1 would b e  t h e  more likely choice.  In 
an industr ia l  nation, chlor ine is t h e  more marltet- 
ab le  i tem,  and for t h i s  situat.ion seawater  treatment 
with c a u s t i c  would be preferred. For these con- 
di t ions a c a u s t i c  value in  a developing country w a s  
taken as  $80/toti atid a chlor ine va lue  i n  the  Ilnited 
S ta tes  at $5O/ton. For t h e  oppos i te  condi t ions,  
world dump p r i c e s  for c a u s t i c  and chlor ine were 
employed. C a u s t i c  c r e d i t s  in t h e  range of $11 and 
$40/ton were used .  Since t h e  current “dump” price 
for c a u s t i c  on t h e  world market is $20 to $%5/ton, 
a t  one-half of t h e  dump price,  $11 per  ton of NaOl-I, 
t h e  b,reak-even power cost for ElCl treatment (Fig. 
SA.2a) is 3.9 mills/kwhr when sulfur is $SO/ton; 
a t  a credi t  of $20 per ton of NaOH, 6.7 rnills/kwhr. 
Break-even power costs for NaOX-I treatment (Fig. 
5A.21)) are  2.1 and 4.3 mills /kwhr at credit.s of 

T h e  resu l t s  of t h i s  s tudy  are  shown i n  F i g s .  

suppress ion  a re  at sulfur  c o s t s  
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(1 I 2000 M g d  SEAWAIEc! THEATED 
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SFPWATER TREATMEYT METHODS 
( 1 )  H2S04 WlTh VARIABLE SULFUR COST 

(21 HCI AND/OR NoOl-I 
131 C 0 2  SUPPRESSION 
(4) LIME - MAGNES'IJM CARRONAiE ILMC PROCESS I 
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F i g .  5A.1.  Cost Comparison of Seawetor  Treatment Methods o s  o Function of Power C o s t  and Cost of Money. 



207 

9RUl.k DWG G 8 -  821 -R3C 

, 
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SEAWA-(Et? IF1EATMENT 
W l l l i  HCI 

1 
SEAWATER TREATMENT 
'WTH NaOH 

0 3 4 6 R 10 0 2 4 d E 10 
POWER COST (mil ls/ kwhr) POWFP COST (mills/kshr) 

F i g .  5A.2. Effect of By-product Credits on the Cost  of Seawuter T r e a t m e n t  by the  H C I  or NaOH Process Com- 

pared wi th  the Sulfur ic  Acid Process.  

$12.50 and $20 per  ton of C1, respect ively.  T h e  
est imated dump p r i c e  for ch lor ine  may be  $40/tonh 
within a developing nat ion l i k e  India, where chlo- 
r ine supply is l ikely to b e  in e x c e s s  of chlor ine 
demand. In a n  industr ia l ized nat ion l i k e  t h e  United 
States ,  chlorine i s  a valuable  b a s i c  chemical  and  
sells for $5O/ton or more. 

sulfuric ac id  t reatment  i n  Figs. 54.33 and SA.36 
a t  10% c o s t  o f  money as a function of t h e  c o s t  of 
sulfur and severa l  v a l u e s  of by-product credit. T h e  
equimolar HC1-NaOH p r o c e s s  is included for com- 
parison. Figure 5A.3a s h o w s  tha t ,  with sulfur at 
$50/ton, t h e  break-even power c o s t  for I-ICI treat- 
ment i s  3.9 rnills/kwhr when c a u s t i c  is so ld  for 
$ l l / ton ;  for equimolar treatment, 5.3 mills/kwhr. 
In Fig. 5A.3b, t h e  break-even power c o s t  for t h e  

T h e  I1Cl and NaOH p r o c e s s e s  a r e  compared with 

'A. D. I,ittle, Inc., private communicat ion.  

NaOH p r o c e s s  is 2 mills/kwhr when chlor ine is 
$12.50/ton; for  equimolar treatment, 5.9 mills/kwhr. 

Seawater  treatment s y s t e m s  using caustic-chlo- 
r ine a r e  capital. c o s t  a n d  power c o s t  intensive,  
while t h o s e  using su l fur ic  ac id  are raw material 
c o s t  intensive.  In addition to t h e  electrolyt ic  
ce l l ,  auxiliary equipment requirements for equi- 
molar HCI-NaOM treatment inc lude  a recombiner 
to make HCI from C1 and I1 
tem t o  s e p a r a t e  and  recover t h e  calcium carbonate  
precipi ta ted from t h e  caust ic- t reated seawater .  
Treatment with HCl a t o n e  requires  a recombiner 
and a c a u s t i c  concentrator  to produce SO% NaOH 
if t h e  caustic is marketed. Treatment  with NaOH 
alone requires  a clar i f icat ion sys tem which is 
twice  as  la rge  as the  o n e  needed for equimolar 
IIC1-NaOH treatment. T h e  c o s t  of sulfuric ac id  
treatment is highly dependent on t h e  c o s t  of sulfur. 
T h e  example given i n  T a b l e  5.4.1 s h o w s  that  t h e  

and a clar i f ier  s y s -  
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Fng. 5A.3.  B r e a k - E v e n  P o w e r  Cost for t h e  T r e a t m e n t  of Seawater  by t h e  HCi or N a O H  P r o c e s s e s  a s  Compared 

w i t h  ?ha Sul fur ic  A c i d  Process.  

plant  investment i n  a caust ic-chlor ine sys tem is 6 
t o  14 t imes higher than i n  t h e  sulfur ic  acid system. 
Direct operating c o s t s ,  however, for equimolar 
HCl-NaCdH treatment ore 50 t o  65% (2 and 4 mills/ 
kwhr respect ively)  lower than t h o s e  for M,SO, 
treatment when sulfur  is $50/ton. When I-IC1 a lone  
is used,  the direct  c o s t  is 85 to 112% of the  M 2 S 0 ,  
process ;  NaOM alone, 97 t o  124%. On a n  overall 
c o s t  bas i s ,  t h e  graphs and t h e  tab le  show that 
when even s m a l l  by-product c red i t s  are allowed, 
the  HC1 and NaQFI p r o c e s s e s  a r e  competitive with 
t h e  equimolar HC1-NaOH p r o c e s s  and that  a l l  three 
a r e  cheaper  than t h e  convent ional  sulfur ic  acid 

process .  When no by-product c red i t s  a r e  atlowed, 
the  equimolar p r o c e s s  is t h e  cheapes t .  

If there  is a need for both c a u s t i c  and chlor ine 
within the  complex or  i t s  snxroundings, and i f  a n  
additional amount of capac i ty  i s  needed to  sa t i s fy  
t h e  seawater  treatment demand, then t h e  added 
incremental capac i ty  will resul t  in lower Costs of 
seawater  treatment because  t h e  sca l ing  factor for 
t h e  caust ic-chlor ine plant  is l e s s  than unity. 

If evaporator temperatures  higher than 295O F 
a r c  desired,  which i s  unlikely in  the  near future, 
c a u s t i c  treatment must be  supplemented with soda 
a s h  treatment to  precipi ta te  additional calciuin. 
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Table  5A.1. Cost  Summary for Treatment of 2000 Mgdd Seawater, 

Sulfuric Acid a n d  C a u s t i c - C h l o r i n e  Plants 

2.28 
5.65 
6.06 

Sulfuric 
Ailid Cuu s tic -Chlorine Plants 
Plant 

~ ~ __._I_ ll_l- 

Seawater treatment method H,SO, NaOH t HCI HC1 Na OH 

Marketable product Na <)I+ C12 

Plant capacity,  tons/day 
13 ,SO, 980 
c1* 71. 0 710 
Na OH 8 02 802 

Overall cos t s ,  m i l l . i o r i r  of dollars 
Pla nt  i live s tmc n t 18.66 25.41 
Operating cost '  6 ,55  7.02 

'rota1 annual cos t '  9. 1 3 10.55 
Credit for rnarke Ling by-product, 11.66 11.66 

$50/ton C1,; $44.25/ton NaOH 
Net annual credit  for by-products" (2.53) (0.11) 

---_I___.____. _______.._ -I-- 

"Desalination plant produces 1000 Mgd of fresh water with a brine concentration factor of 2.0. 
DSulfur a t  $50/ton, s a l t  a t  $2/tori, power a t  4 mi!ls/kwhr. 
'Including a n  annual c o s t  of plant investment. For th i s  table, a n  Pnteresr charge (time value of money) of 10% 

w a s  used. 
dCredil for by-product  exceeds  total  annual c o s t  

T h e  c o s t  of t h i s  combined treatment is not avail- 
a b l e  a t  t h i s  time. 

Nitric ac id  h a s  a l s o  been proposed as a subst i -  
tute  for sulfur ic  ac id  treatment, s i n c e  a la rge  plant  
might be  in  operation at t h e  complex t o  produce 
ammonium ni t ra te  or ni t r ic  phosphate .  A 1259- 
ton/day HNO, plant  would be  needed to  t reat  
2000 Mgd of seawater .  Cos twise ,  i t  would b e  more 
expens ive  than equimolar treatment with c a u s t i c  
and hydrochloric acid,  which is t h e  most economi- 
cal method ut i l iz ing c a u s t i c  and/or chlor ine when 
no by-product c red i t s  are taken.  T h e  direct opera- 
t ing cost us ing  FINO, would be  0.62$/1000 gal of 
sof tened seawater  produced, as compared with 
0.441$/1000 gal us ing  NaOH and EICI. 

5A.3 Seawater Chemicals Cost Analyses 

Manufacturing c o s t s  for recovery of potassium 
s a l t s  and t h e  manufacture of sulfur ic  ac id  and ce- 
ment frosm precipi ta ted calcium s u l f a t e  will be  d is -  
c u s s e d  f i rs t ,  followed by a summary of production 
c o s t s  for anhydrous magnesium chlor ide and i t s  

355 
401 

14.12 
3.62 
5.60 

reduction to magnesium metal. Al l  costs are  for 
United S t a t e s  condi t ions e x c e p t  as  noted. 

Potassium Fertil izer Manufacturing Cost. - Po- 
tassium salts c a n  be  c rys ta l l ized  by solar evapo- 
ration of t h e  s a l t  bi t terns  j u s t  before recovering 
magnesium chloride. As indicated above, when 
no attempt is made to  remove su l fa te  from t h e  
bi t terns ,  potassium s u l f a t e  ( the form preferred by 
€armers) will be  t h e  normal fer t i l izer  product; with 
sulfate-free bi t terns ,  po tass ium chlor ide is t h e  
product. In both c a s e s ,  only t h e  additional ex- 
p e n s e  of separa t ing  and purifying t h e  potassium 
fer t i l izer  i s  accounted for in  our c o s t  ana lys i s ;  
all other c o s t s  are ass igned  t o  magnesium chlo- 
ride recovery, as d i s c u s s e d  below. Production 
costs a r e  given i n  Fig. 5A.4 for potassium su l fa te  
production us ing  e lec t r ic  power costs i n  t h e  range 
of 3. to 8 mills/kwhr a n d  in te res t  r a t e s  of  2.5, 5, 
10, and 20%- In a 100,000-ton/yeac K,SO, plant ,  

70 ther  methods such  as recovery by extraction from 
seawater with dipicrylarnine were not studied, since 
they are believed t o  be more expensive.  
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F i g .  5A.4. Manufacturing Costs for the Production of Potassium F e i t i l i z e r ,  Sulfuric Ac id ,  Cement, and Anhy- 

drous Magnesium Chloride from Solar Salt Bitterns. 
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electric power requirements are s m a l l  (about 110 
kwhr/ton), but there is a need for 6 bIMKtu/ton 
of exhaust steam in the  recrystallation portion of 
the  process. At  a n  interest  chatge of IO%, the  
cost ranges from $16.20 to $18.40 per ton of K,SO, 
($32 to  $37 per ton of K,O) as the power cost IS in- 
creased from 1 to  8 mills/kwhr. The  market price 
of K,SO, in  bulk is currently depressed at about 
$2S/ton f.0.b. plant. 

Production of potassium chloride from sulfate- 
free bitterns is cheaper. The  cos t  of power h a s  
little effect on the  manufacturing cost ,  because 
the requirements for both power and steam are  
small. For a 100,000-ton/year KC1 plant, the cost 
ranges from $11 to $12 per  ton of KC1 ($18 to $19 
per ton of K,O) a t  an  interest  charge of 10%. This 
compares favorably with the  current depressed 
market price of $23/ton f.0.b. port. The price 
includes $14/ton f.0.b. plant, and a charge of 
$9/ton8 for shipment from inland locations, where 

*Cht,m. Week 102(15), 47 (Rpr. 13, 1968). 

the current large sources of supply a re  located, 
t o  a cuas ta l  shipping point. Logistics then tend 
to favor the production o f  potassium fertilizer in an  
arid coas ta l  desert  region. Potassium recovery 
from salt bitterns would provide an internal source 
of supply for developing nations like India which 
currently have to import all their potash needs .  

In a solar s a l t  operation, sa l t ,  potash, and other 
chemical y ie lds  can  be expected to increase with 
time because of an increase i n  imperviousness of 
the salt  works and bitterns pond bottoms, thereby 
reducing leakage. Table  5A.2 i l lustrates this,  
based on the expectation of the Baja California 
s o l d r  s a l t  operation." ~ f ,  for example, s a l t  and 
potash were recovered f rom seawater evaporator 
effluent that w a s  twice the concentration of raw 
seilwaier, t he  potash yield might triple i n  ten 
years, from 0.52 to 1.7 tons  of  K 2O per acre-year 
of salt works.  A s  a result, the farm (gram) acre- 

-......l___l.___....___ 

'Private comrnunica!ion, Nat iona l  Bulk Carriers C o r  
poration, New York. 

Table 5A.2. Farm Utilization of Potash Yie lds  from Seawater Concentrates 

Potential improvements by Reduction of Pond Leakage Ratea 

Acres ct Farmland Served 
Srawa ter Operat ion Land Required for Solar P'tash pt-r Acre o f  Sa l t  Worksd 

K,O y i ~ l d / a c r e ~ ~ , ~  

1.1 

-- r 2 0  

Coni-c ritration Tlnle Salt Works Yie ld '  per Acre 
F a c t  UT ( y e a r s )  (acres  per tons/year of N A ~ I )  (tonspyear) 

-I -- - - --- 
1 Inlt lal  40,000 0.3 1 

2 

2.5 

3 24,000 0.52 6.9 
10 12,000 1.04 14 
In i t ia l  
3 

10 
In i t ia l  

24,000 
1 4,400 

7,200 
20,000 

0.52 
0.87 
1.74 
0.53 

6.9 
1 2  
23 
8.4 

3 12,000 1.04 14 

10 6,000 2.09 28 
3 Init-ia 1 16,000 0.78 10 

3 

10 
9,600 
4,800 

1.30 
2.60 

17 
35 

~ ____ ~ ____I 

RRa!scd on data suppl ied  by Nat iona l  Bulk Carriers Corporation, New York, For their Eaja California s o l a r  s a l t  
operation. 
t h e ,  a n d  salt and potash y ie lds  should  increase  proportionally. 

'ffiey e x p e c t  t h a t  lhe s o i l s  of their salt farm operation w i l l  become increas ingly  impervious with operating 

%aw seawater = 1, 
'Assuming 100,000 tons/year R,O per 8 million tons /year  NaCI. 
'Assume 75 lh K 2 0  appl ied  per  150 Ib N 2  per crop.  If 37.5 Ib K,O per  150 Ib N,, grain farrnland treatable would 

double. 



212 

a g e  which c a n  b e  t reated (two c r o p s  pez year a t  
75 l b  of  K,O per acre-crop) f rom t h e  yield of 1 
acre of s a l t  works would i n c r e a s e  from 7 acres  to 
23 acres .  In ten years ,  then,  the  amount of farm- 
land which could b e  fer t i l ized from a 100,000-acre 
s a l t  works would i n c r e a s e  from 700,000 acres to 

2,300,000 acres .  T h u s  in  t h e  same period t h r  
amount of K,O in e x c e s s  of tha t  required for a 
300,000-acre food factory would increase  from 
133% t o  667%. T h i s  increas ing  e x c e s s  could b e  
used  elsewhere in  t h e  country and/or could b e  
exported to  improve t h e  nat ion’s  balance-of-payment 
s i tuat ion.  That  part exported would most l ikely be 
exported directly as KC1 or K,SO, t o  minimize 
shipping charges.  The  part u s e d  indigenously 
could be  shipped to  off-site mixing p lan ts  or mixed 
locally a t  t h e  complex. If t h e  complex a l s o  pro- 
duces  2500 tons  of nitrogen per  day a s  usable  ni- 
trogenous fer t i l izers ,  1500 t o n s  of P,O, per day 
as  usable  phosphat ic  fer t i l izers ,  and all of t h e  
excess K,O is u s e d  in  producing mixed fer t i l izers ,  
a fertilizer ratio of 6 . 4  : 3.2 : 1 could b e  obtained 

after t h e  s a l t  works h a s  run for ten y e a r s  (Table  
5A.3). If t h e  evaporator effluent w a s  three t imes 
raw seawater  concentration, a 4 : 2 : 1 mixed fer- 
t i l izer  could b e  made. B e c a u s e  of t h e  long time 
required to reduce solar  s a l t  works leakage  and 
to achieve  increased  seawater  chemical  y ie lds ,  
a solar  salt works, if included in  a complex, should 
be one  of the  f i rs t  f a c i l i t i e s  t o  be  instal led.  

T h e  capi ta l  c o s t  of a lOO,OOO-ton/year potassium 
sulfate  plant  is $5 million or l e s s ,  while  that  for 
potassium chlor ide is about $3 million. A sca l ing  
factor of 0.6 should hold for plant  sizes up t o  
about 500,000 tons/year  of ei ther  t y p e  of potassium 
fertilizer. 

Sulfuric Acid and Cement Manufacturing Cost. - 
Cement and sulfuric acid are  commodities which 
a re  bas ic ,  espec ia l ly  i n  a developing nation. Sul- 
furic acid pr ices  have  increased  considerably i n  
t h e  p a s t  two y e a r s  because  worldwide demand for 
sulfur h a s  exceeded t h e  supply  of Frasch-type 
elemental sulfur, traditionally t h e  cheapes t  source  
available. T h e  sulfur pr ice  now c x c e e d s  $%/ton, 

Tnhle 5A.3. Potash  Production for Furm Use and for Expar: 

Basis :  100,000-acre so la r  sal t  works 

N 2 / K 2 0  Ratio 
of Potash 

Exportable a s  

Potash ( K 2 0 )  
Available 
for Export 

Annual Potash ( K 2 0 )  
Seawater ‘Iant Potash ( K 2 0 )  Applied on 

Concentration Operation Yielde Farmb 
Factor Time (tons per year (tons per year . _. . .. 

(years) per 105 acres) per acres) (tons/year) (tons/day) Balanced Fertilizer‘ 

2.5 

3 

1 Initial 
3 
10  

2 Init ia 1 
3 
10  
Init ia 1 
3 

10 
Initial 
3 
1 0  

31,000 
52,000 

104,000 
52,000 
87,000 

174,000 
63,000 

104,000 
209,000 

78,000 
130,000 
260,000 

45,000 
45,000 
45,000 
45,000 
45,000 
45,000 
45,OJO 
45,000 
45,000 
45,000 
45,000 
45,000 

7,000 
59,000 

7,000 
42,000 

129,000 
18,000 
59,000 

164,000 
33,000 
85,000 

215,000 

2 1  
180 

21 
125 
390 

55 
180 
495 
100 
260 
650 

120 
120 

20 
6.4 

45 
14  

5.0 
25 
10  

3.8 

BAssuming 100,000 tons/year K 2 0  per 8 million tons/year NaC1. 
bAssume two crops per year on 300,000-acre farm and, on each acre, 150 lb N ,  and 75 Ib K,O applied per crop. 
‘N2 , /K20  ratio in relation to a complex that produces 2500 tons/day N ,  (3000 tonsjday NH3)  and 1500 tons/day 

Ultimate potash yields (-10 years operation) f r o m  3x concentrated seawater could be sufficient to supply P205, 
the f a r m  potash demand and t o  produce a balanced fertilizer with a N-P-K ratio of 4 : 2 : 1. 
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the price a t  which exper t s  consider high-price 
sources of sulfur (gypsum, pyrites, and sour gas)  
to be competitive with cheap Frasch  process sul-  
fur. l o  Gypsum recovery f rom evaporator concen- 
trates by solar evaporation provides a potentially 
attractive indirect source of sulfur (as sulfuric 
acid), especially when the co-produced cement is 
a l so  in demand. 

Figure 5A.4b shows the manufacturing cos t s  for 
a plant that produces 1000 tons/day of each prod- 
uct, assuming 2 tons  of gypsum are  required to 
produce 1 ton each of sulfuric acid and cement 
clinker. A comparison is made between a plant 
that u s e s  fossil  fuel as a heat source (11 MMBtu/ 
ton) and one that u s e s  electric heating (3400 
kwhr/ton). Cos t s  are presented in  terms of one 
product or the  other, but in the  discussion below 
the c o s t s  are considered to be evenly spli t  be- 
tween the  sulfuric acid and the cement. At an 
interest charge of lo%, the  manufacturing cos t  for 
the process  that employs fossil  f u e l  (at 50~/MMBtu) 
ranges from $20.00 to $21.50 per ton of H,SO, or 
cement when the power cos t  ranges f rom 1 to 8 
milIs/kwhr; this is about $10.00 to $10.75 per 
ton of co-product. The  break-even power cos t  of 
the power-intensive process  is 1.75 mills/kwhr i f  
fossil fuel c o s t s  $0.50/M;\lBtu. The  raw material, 
gypsum, is assumed to  have a c o s t  of zero for 
these calculations. 

ess that u s e s  fossil fuel is greater than 8 mills/ 
kwhr, relative to  the  cutrent market price of the 
two products. Sulfuric acid is about $35/ton and 
cement is about $lS/ton. The  sum, $50 per ton of 
co-product, then, means that even in the  power- 
intensive plant, the  break-even power cos t  is be- 
yond 8 mills/kwhr a t  an interest  charge of 20%. 
Thus, the process  is worth considering in any 
complex that h a s  a seawater evaporator and a solar 
ponding operation and in  any loca le  where there is 
a demand for both products, 

cement plant is about $17 million. T h e  exponen- 
tial scaling factor i s  0.63 for plant capacit ies from 
300 to 1000 tons/day. For larger capacit ies,  two 
separate p lan ts  would probably be  advisable. 

Production Cost  of Anhydrous MgCI,. - Anhy- 
drous magnesium chloride, recovered from either 

The break-even power cos t  for the  gypsum proc- 

The  capital  cos t  of a 1000-ton/day sulfuric acid- 

"Cbem. Week, p. 72 (Feb. 12, 1966). 

sulfate-free or sulfate-containing bitterns, is a 
commodity which, we believe, will have a rapidly 
expanding market over the next ten yea r s  a s  world- 
wide requirements for magnesium metal and chlo- 
rine grow. A developing nation may initially wish 
to export th i s  material to an industrialized country 
for reduction to metal, but as its own requirements 
for the me ta l  and chlorine increase,  reduction wil l  
later be done in  the  producer nation. In this regard 
the pattern will b e  much the same as the one now 
fairly widespread for alumina and aluminum. At 
present, exportation of htgC1 to the  United States 
is expensive because tariff barriers are so high 
that i t  pays to recover MgC1, from Great Salt Lake 
brines, even though royalt ies are paid on the min- 
eral rights on the land required foi solar ponding 
and on the magnesium recovered. 

The  manufacturing costs of anhydrous MgCl 
from solar sa l t  bitterns under both United States 
and overse8s conditions are given in Figs. 5 A . 3 ~  
and 5A.3d. Comparisons are made between the 
plant that uses fossil fuel as  a heat source (17 
MMBtu/ton) and one that is power intensive (5800 
kwhr/ton), and they show the costs for a 198,000- 
ton/year plant for power c o s t s  of 1 to  8 rnills/kwhr 
and for interest  charges of 2.5, 5, 10, and 20%. At 
an interest  charge of 10% and a power cost of 4 
mills/kwhr, the non-U.% production cost a t  a plant 
that u s e s  fossil fuel (at 50$/MMBtu) is $21.50 per 
ton of MgCl,. At Great Salt Lake  the estimated 
cos t  OE MgCl 2, including royalty charges, is 
$35/ton. Thus the break-even power cos t  at  an 
interest charge of 10% is greater than 8 milIs/kwhr 
for a plant that  recovers MgCl, from solar sa l t  bit- 
terns using foss i l  fuel and that IS located on a 
tropical or semitropical arid coas t .  A power- 
intensive plant could be  Considered as  a substi- 
tute for one that u ses  fossil  fuel when the cost o f  
power IS 1.75 mills/kwhr and the  cos t  of fuel is 
SO$/MMBtu. 

MgCl 
The exponential scaling factor is about 0.6 for 
plant capac i t ies  for up to about 500,000 tons/year. 

Magnesium Metal Manufacturing Costs. - The 
production of magnesium meta l  from MgCl , obtained 
from brine concentrate instead of from Mg(0H) ob- 
tained from seawater, which is traditional, promises 
to lower nianufacturing c o s t s  because chlorine is 
produced instead of being consumed. Chlorine is 
a valuable by-product that is in gteat demand in 
industrialized nations, especially when hard-to- sell 

The  capital  cos t  of a 198,000-ton/year anhydrous 
plant is estimated to be about $8 million. 
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c a u s t i c  soda  is not co-produced, a s  i s  the  c a s e  
with brine electrolysis .  National L e a d  Company' 
h a s  recently announced that  i t  will build a la rge  
magnesium plant a t  Great Salt L a k e  which u s e s  
the  loca l  brine concentrate  as the  r aw material for 
magnesium manufacture. When completed, about 
1970, i t  will b e  t h e  f i r s t  new magnesium plant to 
be built i n  t h e  IJnited S ta tes  s i n c e  World War I1 
and will represent  a magnesium capaci ty  which is 
over 50% of t h e  present  United S ta tes  capacity. 
With the  assurance  that  there  will b e  two la rge  
suppl iers  of lower-cost magnesium, Dow Chemical 
Company and National L e a d  Company, i t  is pre- 
dicted that  t h e  automotive industry will u s e  mag- 
nesium metal for many of i t s  d ie -cas t  par ts ,  and,  
as a resul t ,  there  wil l  probably b e  a several-fold 
increase  in magnesium demand during the  1970's 
i n  t h e  United S ta tes  alone. 

Magnesium manufacturing c o s t s  are  given i n  
Fig. 5A.53-d for metal production from concen-  
trated brine evaporator effluent, which is assumed 
to  have zero cost .  Only one  plant  capaci ty ,  45,OQO 
tons/year  (about 1-30 tons/day) ,  i s  d i s c u s s e d  for 
several  s i tua t ions  under United S ta tes  conditions; 
t h e  effect of capaci ty  o n  c o s t s  will be  presented 
in  a la ter  report, s i n c e  complete  d a t a  were not 
obtained in  time to present  a thorough ana lys i s  
here. T h e  c o s t  of production i s  based  on the  u s e  
of 4.4 tons  of anhydrous h l g C l ~  per ton of metal 
produced and i s  shown a s  a function of t h e  power 
c o s t  and the c o s t  of money. T h e  net  c o s t  is a l s o  
shown after a credit is taken for the  co-produced 
chlorine, assuming a yield of 2.2 out of a theo- 
re t ical  2 .9  t o n s  of C1, per ton of magnesium metal 
and $50/ton chlorine. F igure  5A.5a g ives  t h e  
cost of the  metal reduction alone. Figure 5A.Sb 
g ives  t h e  c o s t  for a combined MgC12 recovery and 
metal reduction operation and inc ludes  a compari- 
son of the u s e  of foss i l  fuel (a t  SO$/MMBtu) for 
heat  to  dehydrate MgCl 
same purpose; a t  a c o s t  of money of 1070, the  
break-even cost of the  power-intensive plant is 
1.35 mills/kwhr. 
a t  an interest  charge of 10% only,  t h e  e f fec t  of 
imported MgCl , on t h e  production costs of a metal- 
reduction plant  a t  a d i s t a n c e  of about 6000 mi les  

and e lec t r ic  power for the 

F igures  5A.Sc and 5A.5d show, 

"Chem. E n g .  N e w s  46(18), 11 (Apr. 2 2 ,  1968). 

from t h e  nuclear-industrial coinplex; Fig.  5 A . 5 ~  
shows power c o s t s  a.s t h e  main variable, and Fig. 
5A.5d shows t h e  c o s t s  of imported anhydrous 
MgCl , (including sh ipping  but not tariff). 

T h e s e  graphs c a n  b e  u.sed to compare t h e  c o s t  
of producing t h e  metal under two sets of United 
S ta tes  condi t ions and i n  a n  integrated MgCl ,-Mg 
metal operation a t  a nuclenr-industrial complex. 
T h e  f i rs t  s e t  of United S ta tes  condi t ions involves 
the  recovery of MgCI, froin Great Salt L a k e  brine 
for $35/ton, including royal t ies ,  and i t s  reduction 
to  magnesium metal on-s i te  a t  a power c o s t  of 4 
mill s/kwhr. T h e  second set iiivolves t h e  importa- 
tion of a n h y d r w s  MgC1, fioin t h e  Pers ian  Gulf to  
a f ic t i t ious plant  in  t h e  United S ta tes  northwest 
for an est imated $25/ton delivered, but not in- 
c luding tariff charges ,  and i t s  reduction a t  a power 
c o s t  of 2 mills/kwhr. Without a credi t  for chlo-  
rine, t h e  c o s t s  of metal production a t  a cost of 
money of 10% are $450 and $375/ton respectively 
(current magnesium metal se l l ing  pr ice ,  $720/ton); 
with chlorine c red i t s ,  $343 and $265/ton. 
integrated operation i n  a nuclear  complex, the c o s t  
without a credi t  for chlor ine would be  $3?5/ton 
(4 mills/kwhr) and $330/ton (2 n i l l s jkwhr) ;  with 
chlorine c red i t s ,  $265 and $222/ton. T h e s e  com- 
par i sons  show that  t h e  integrated operation a t  t h e  
complex would be indeed competitive with t h e  two 
s ta ted  United S ta tes  cases. 

The  final comparison is between t h e  old and new 
technology. T h e  direct  operat ing cost for pro- 
ducing magnesium metal by t h e  traditional sea- 
water--Mg(O€I), p rocess ,  which consumes  chlorine, 
i s  es t imated to b e  about $350/ton when t h e  power 
c o s t  is 4 mills/kwhr. O n  t h e  other hand, the cor- 
responding cost for  t h e  brine concentrate-MgG1 
p r o c e s s  is $270/ton; with a cred i t  for t h e  CO- 

producing chlorine, $160/ton or about 55% of the  
direct  operat ing c o s t s  of t h e  traditional process .  
If the  cost of money w a s  IO%, i t  would add $100 
(per ton of magnesium metal) t o  t h e  direct c o s t s  
of each  p r o c e s s  when the  c o s t  of power is 4 mil ls /  
kwhr. T h i s  a s s u m e s  tha t  t h e  capi ta l  investments  
in  both p r o c e s s e s  a r e  t h e  same. Indicat ions are, 
however, that  a new seawater-Mg(OH)2 plant  built 
today would cost much more than  t h o s e  built during 
World War 11. T h i s  implies  tha t  t h e  total  manu- 
facturing cost of t h e  t radi t ional  p r o c e s s  would be  
much higher and, therefore, uneconomic when com- 
pared with t h e  brine concentrate-MgC1 

At a n  

process .  
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The capital. cost of an integrated 45,000-ton/year and 75,000 tons/year, and 0.8 above a rapacity of 
75,000 tons/year. All operating costs,  except 
labor, will scale linearly. The exponential scaling 
factor for labor should be about 0.75 for plant s i zes  
up to 100,000 tons/year of magnesium metal. 

magnesium plant is estimated to be $34 million. 
This includes $8 million for a 198,000-ton/year 
anhydrous MgCl plant and $26 million for the re- 
duction plant. The scaling factor is about 0.6 for 
plants up to 45,000 tons/year, 0.7 between 45,000 



Appendix 6A 

POTENTIAL WATER REQUIREMENT AND PRODUCTIVITY OF THE VARIOUS 
AGRICULTURAL LOCALES 

T h e  quantity of irrigation water  needed to produce 
e a c h  unit of crop yield - t h e  water  u s e  eff ic iency 
rat io  - is a key parameter in  determining t h e  
economic feasibi l i ty  of t h e  agricul tural  complex. 

In t h i s  appendix t h e  potent ia l  water u s e  ef- 
f ic iency as  wel l  as the absolu te  v a l u e s  of potent ia l  
water requirement and dry matter production of t h e  
various locales invest igated have been compared 
and contrasted.  

It should be emphasized that  t h e  e s t i m a t e s  
refer to  a hypothet ical ,  short  crop which c o m -  
pletely c o v e i s  t h e  ground and whose  growth and 
water l o s s  is unlimited by soil water content  or 
physiological factors .  In ac tua l  farming pract ice  
the c rops  s e l e c t e d  and their rotation, spac ing ,  
and irrigation treatment would subs tan t ia l ly  modify 
t h e s e  figures. 

For  example,  i n  the Southeastern Mediterranean 
locale ,  t h e  weighted mean annual  water  requirements 
per  acre for the  three different cropping s y s t e m s  
considered in  Chap. 6 were ca lcu la ted  t o  be 88, 
74, and 63% of t h e  es t imated  potent ia l  irrigation 
water requirement. 

It should a l s o  be  recognized that  t h e  f igures  
presented €or each locale a r e  mean v a l u e s  based  
on two s t a t i o n s  on t h e  periphery of e a c h  s i t e .  The 
within-site differences i n  annual  water  iequirements 
were 15% for t h e  Western Austral ian loca le ,  8% 
for t h e  Peruvian loca le ,  5% for t h e  Indian locale, 
and 3% for t h c  Southeastern Mediterranean locale. 

It is of course  t rue that  the  ac tua l  crop water  
requirements and,  t o  a n  e v e n  greater ex ten t ,  t h e  
crop y ie lds  may wel l  differ markedly from t h e  
potential amounts. At present ,  however, potent ia l  
ra tes  arc the  only pract ical  b a s i s  for comparison, 
in that  re l iable  d a t a  on a c t u a l  r a t e s  require a long, 
ditficult, and expens ive  f ie ld  research  program at  
each s i t e  which cannot  as ye t  be  replaced by 
central ized controlled-environment research  or by 
theoret ical  ca lcu la t ions .  

Two physical  methods of calculat ion b a s e d  on 
cl imatological  d a t a  were used  t o  compute the  
potential ra tes  used for the  comparisons.  Poten t ia l  
water requirements were b a s e d  on open water 
sur face  evaporation v a l u e s  computed by the 
combined energy b a l a n c e  and aerodynamic method 

of Penman (1956), while  potent ia l  photosynthesis  
was  ca lcu la ted  by d e  Wit's method (19GS). Deta i l s  
of t h e  cl imatological  d a t a  used  ate given in T a b l e  
6A.1, and the  r e s u l t s  of the ca lcu la t ions  a r e  
presented on a n  annual  b a s i s  in T a b l e  6A.2  and on 
a monthly b a s i s  in T a b l e  6A.3. 

T h e  potent ia l  irrigation water  requirements were 
ca lcu la ted  assuming a n  irrigation appl icat ion 
eff ic iency of 0.80 and a s i m i l a  size crop factor 
re la t ing potent ia l  evapotranspirat ion t o  open water 
sur face  evaporation. S ince ,  on a monthly basis ,  
the  water requirement exceeded  rainfall a t  a l l  
loca les ,  ihere w a s  no drainage complication. 

It c a n  be s e e n  from T a b l e  6A.2 that  there  w a s  a 
considerable  difference (25%) i n  t h e  annual  water 
requirement of t h e  locale with t h e  grea tes t  annual  
water demand (the Indian sitej and t h a t  having the  
l e a s t  (the S.E. Mediterranean). 

T h e  peak water  demand a t  the  var ious loca les  
is a n  important factor in  determining t h e  size and 
c o s t  of t h e  irrigation system. T h e  locale differ- 
e n c e s  in  peak water  demand found were greater 
than for the  annual  water  requirements. T h e  grea tes t  
peak demand (at t h e  Austral ian locale) w a s  60% 
more than  that  a t  t h e  lowest  (the Peruvian)  locale. 

Even  greater s i t e  differences were found in  t h e  
potent ia l  water  s torage  requirements. T h e s e  
va lues  were ca lcu la ted  on t h e  b a s i s  of an e v e n  
year-round rate of water production without any 
al lowance for shutdown time or water s torage  
losses. T h e  grea tes t  water  s torage  requirement 
w a s  at the  W. Austral ian locale and was f ive  t imes 
that  of the  Peruvian locale ,  which had the lowest  
s torage need. 

T h e  differences between the potential photo- 
s y n t h e s i s  ai: t h e  different locales were much less 
than t h e  potent ia l  water requirements, although 
larger differences in  s e a s o n a l  production were 
found (Table  6A.2). T h i s  s e a s o n a l  variation i s  
of some s igni f icance  where a n  even  year-round 
rate  of crop production is des i rab le  for crop 
processing,  for l ives tock  feeding, or for reducing 
the  need for crop-storage fac i l i t i es .  

different loca les  varied in a s imilar  way t o  their  
water requirements. When eEficiericy of annual  

T h e  potent ia l  water  u s e  eff ic iency a t  t h e  



Table 68.1. Sources of Clirnatologicai D a t a  U s e d  

Number of y e a r s  data  averaged is given in parentheses  
~- 

S. E. Meditcrranean, Indian, Peruvian,  W. Australian, 
Loca le  Piura  Depar:men: Sharks Bay 

Sinai-Ncgev Kd:ch Peninsula  
~~~ ~~~ 

~~ ~ 

Climatological s ta t ions  Gilat, 31'20' N,  34O 40' E a )  Bhuj, 6) Dwarka a)  Piura,  b) Lambayeque a)  Carnarvon, b) Geraldton 
450' m.s.1. a )  23O 15' N, 69O48' E, a) I S O  12' S, SO' 37' W, a )  24' 54' S, I13O 39' E, 

343' m.s.1. 159' m.s.1. 15' m.s.1. 

b) 22O 22' N ,  59'00' E, b) 36O 42' S, 79' 54' W, b) 28'45' S, l l i i O 3 6 '  E, 
37' m.s.1. 84 '  m.s.i. 33' m.s.1. 

Sources of data  Volcani hs:i:ute of " CZmatological tables." "Boiefin de es tad is t ica  Bureau 01 Me:corolow, 
Agricultural Research,  Observator ies  in India. Meteorologica e hydro- Canberra and "Climatic 
Rehovot, Israel  Meteorological Depart- logica," 1962, N o .  4 &, Averages," Austral ia  

meiit, Bombay, LcJS3. i\o. 6, Lima. Bureau O C  Meteorology, 
19.56. 

Porent ia l  Evapotranspiration 

Energy term 
Lricident short wave Measured ( 6 )  Interpolated from nat:onal Caiculated from measured Interpolated i'rom na'uonal 

maps hours of bright sunshine maps 

(19) 

Reflected short  wave 

Net  long wave 

From t a j l e s  for open water according to month and  1a:itude (Budyko, 1955) 

Calculated from measarements  of a i r  temperature, vapor pressure,  an6  cioud cover (Penman, 1048) 
( 6 )  (6) (5 )  (SO) (50) (19) (19) (19) (42) (30) ( i 2 )  

Aerodynamic term 
Satu-ation vapor Measured a s  daily mean ( 6 )  Keasured twice daily (SO) 

pressure deficir 

Measured once  daiiy (36) 

Wind run Measured daily totals  a t  Corrected from measured Calcc ia ted  from P i c h e  Corrected from mean of 
6 '  ( 5 )  daily tolals  a t  30' (a) evaporimeter measure- seven  daily measurements 

a t  20' (a) and S3' (b )  ( 4 )  and 20' (h )  ( S O )  rnents (17) (Stannill,  
19fi2) 

h c i d e n t  shortwave Measu;ed (6) 
radiation 

Poren ti ai Photos ynthes I s 

h t e r p o l a t e d  from 
nat ional  maps 

C a k u i a t e d  from measured 
hours  of bright sunshine 

&n:erpo: a ted from 
n a a o n a l  maps 

( 1 9  
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Table  6 A . 2  Mean Annual Values of Potent ial  Water Demand and Productivity 

Iridian Peruvian W. Australian s. E. 
Medlterranean 

W ater Demand (in. /year) 

Potential  evapotranspiration 55.0 71.2 SJ.4 
Hamfall 9.0 13.8 1.9 
Potential  irrigation water 

requirement 57.5 71.8 64.4 
A s  ratio 1.00 1.25 1.12 

65.5 

13.8 

64.7 
1.13 

Maximum Irrigation Demand (in./month) 

Maximum monthly water 
requirement 

As ratio 
9.10 9.5 b . 3  

1.00 1.04 0.69 
10.2 

1.12 

Maximum Water Storage Demand (in.) 

Maximum water storage 
requirement 

As ratio 
3.  0 
0.16 

18.6 
1.01 

18. .5 
1.00 

9.4 
0.5 I 

Productivity (tonnes per acre per year) 

51.2 52.7 Potential  photosynthesis 48.4 50.1 

Water-U se Efficiency 

Potentia 1 evapotranspiration 
per unit  potential  photo- 
synthes is  

As ratio 

Potential  irrigation water 
requirement per unit 
p" teritial photosynthesis 

As ratio 

109 137 
1.00 1.25 

112 
1.03 

133 
1.22 

11.1 138 
1.00 1.21 

1 3 5 
1.18 

131 

1.15 

Crop Storage Demand 

Ratio of maximum to m m i -  

mum monthly 
Potential photosynthesis,  

As ratio 

1.83 1.36 1.26 1.8Q 

1.02 1.00 0.74 0.69 
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water u s e  was compared on t h e  basis of irrigation 
water requirements, then the difference between 
the most efficient locale (S.E. Mediterranean) and 
the least efficient (Indian) was j u s t  over 20%. 

The  theoretical water use  efficiency, expressed 
as grams of irrigation water application per gram 
potential photosynthesis, was 84 a t  the most ef- 
ficient locale during the wheat growing season .  
Approximately one-third of the photosynthesis 
rriight be harvested a s  grain, altering the  effici- 
ency ratio to  252. This value can  be compared 
with 750, the ratio derived for the  wheat yield 
and water requirements assumed for th i s  same 
locale in the agricultural complex. Early field 
studies of the water u se  efficiency of grain 
produced by irrigated wheat crops and arid zones 
(Shantz and Piemeisal ,  1927) showed ratios twice 
a s  large, 

These  large contrasts underline the great 
progress in water u se  efficiency that has been 
made in irrigated agriculture and the potential 
for further progress that remains. 
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Appendix 7A 

Presented  in t h i s  appendix a r e  equat ions  for the 
ca lcu la t ion  of thermal heat load for s ing le-  or dual- 
purpose nuclear reac tors  and e lec t r ica l  power out- 
put from t h e  turbogenerator i s land .  A tabular  l i s t -  
ing of the thermal e f f ic ienc ies  for LWJ LMFB, and 
MSB reac tors  and their  auxi l iary power require- 
ments is included. Pumping power requirements 
for hlSF and V T  evapora to is  a r e  a l s o  l is ted.  

Glossary of T e r m s  

L -7 e lec t r ica l  load,  peok, Mw 

LF = load factor  

E = annual energy load, Mwhr/year 

Q = thermal load,  pcak, Mw 

W = desa l ted  water output, peak ,  Mgd 

K = evaporator performance ratio,  Ib per 1000 
Btu 7 1./s 

mal) (Table  7A.1) 

Mw(electrical)/Mw(thermal) (Table  7A. 1) 

7 = thermal eff ic iency,  Mw(electrical)/Mw(ther- 

b 2 auxiliary power loads ,  reactor and turbine,  

d = auxiliary power load,  evaporator,  MwOelec 
trical)/Mgd (Table  7.4.1) 

P = electrical .  generat ing capac i ty ,  peak,  Mw 

Subscripts: 

0 = total  

I = industr ia l  complex 

G = grid ( includes town load)  

P = water conveyance  and spr inkl ing 

H = peak p r o c e s s  s team load, Mw(therina1) (ex- 
cluding evaporator) 

A = back-pressure turbine 

C = condensing turbine 

B = b y p a s s  s team (reactor prime s team direct ly  
to  evaporator) 

X = unit conversion 

R = nuc1ea.r i s land  

T = turbogenerator-condenser is land 

E = evaporator 

L peak  low-presslire p r o c e s s  s team load,  
Mw(therma1) 

1.0 Elec t r ic i ty  load of  evaporator> L c s  Mw. 

Table  7A.1. Thermal Eff ic iency and Reastor, ‘Turbine, ond Evaporator Auxilinry Bower 

far Sevosol Types of Reocto:s and Evaporators 
......... ..... ~. ......... - ........ ~ ____ ........ ~ .......... 

Reactor  T y p e  

LWR LMFBR MSBR 
_____ 

T’herrual eff ic iency,  hlw(electrical);Mw(thermal) 

Back-pressure turbine,  
Condens ing  turbine, 7 

C 

Auxiliary power, Mw(electr ical) /Mw(thermal)  

bA 
Back-pressure turbine,  
Condens ing  turbine,  b 

Reactor ,  b 
C 

R 

0.2137 0.2683 0.374 
0.3425 0.412 0.475 

0.01595 0.00549 0.01290 
0.00864 0.01 584 0.01875 
0.00780 0.00793 0.00542 

Auxiliary power, evaporator ,  d E ,  Mw(electrical)/Mgd 
Multistage f lash  0.345 
Vert ical- tube e f fec t  0.142 

0.345 
0.142 

0.345 
0.142 

222 
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1.1 Tota l  e lec t r ica l  load  of reactor, Lo ,  Mw: 

L O I  z: I, + L ,  4- L E  + L ,  (2) 

1.2 Average load  factor ,  (LF)ay:  

?Ei/8760 + T L j ( ~ ~ ) j  
( L I q "  2 ' -____ (3)  

LO 

where i refers  t o  l o a d s  where E i  is given and 

1.3 P e a k  e lec t r ic  power, P,, from turbogenerator 

refers  to l o a d s  where L j  and (LF)j a r e  given. 

i s land  less auxi l iary power for nuclear  i s land  
and turbogenerator-condenser is land:  

P o  := Lo  for (LF)," .: (LF), 

P o  =: PA -b P ,  - P, - P T 

(5) 

(6)  

1.4 Conversion of W and R into m a s s  uni ts :  

1 1 s _-=I_ 

R~ 3.413 ~ o - ~ R  ' X 

1.6 Heat  flow to,  and power from, condensing 
turbine: 

1.7 blaximum water  production without bypassing 
s team (full back-pressure operation): 

Q : = Q  = O  
B C  

s w  
(10) Note: In most  of t h e  cases d i s c u s s e d  i n  Chap. 7, 

b y p a s s  prime s team is not ut i l ized for water 
production; and t h u s  maximum W ,  is calcu-  
la ted  for Q, = 0 for any 0,. 

Q L  +- , Mw(thermal) 

PA - v A Q A ,  Mw(electrica1) (11) 



Appendix 78 

PROCEDURE FOR ASSEMBLING AND ANALYZiNC THE ECONOMICS OF NUCLEAR-POWERED 
INDUSTRIAL. OR AGRQ-INDUSTRIAL COMPLEXES 

T h e  following represents  a step-by-step procc- 
dure for the  formulation and economic ana lys i s  of 
nuclear.-industrial or nuclear agro-iridustrial com- 
plexcs.  

1. Select  industr ies ,  and determine peak power 
and steam requirements using Table  6 of OKNL- 
4296. 

2. If a farm i s  desired,  s e l e c t  water production 
rate (Mgd) and determine the power requirements of 
the  evaporator '  and t h e  irrigation purnpirig power. 

3. Select  amount of grid power s a l e s ,  and com 
pute peak total  e lec t i ica l  load on reactor, Eqs. (2) 
through (61, Appendix 7A. 

under full back-pressure condi t ions i s  desired,  u s e  
Eqs. (14)3 or (15) and (8) and the des i red  reactor 
technology (J,WR, FEE, or  MSUK, T a b l e  7A.1) to 
determine i f  t h e  e lec t r ic  power desired is suff ic ient  
to  obtain the  required wa.ter output. If power ie- 
quireaients a r e  too low, the direct u s e  of prime 
s team may b e  warranted, and irn  th i s  c a s e  Eq. (17) 
i s  used  to  determine the  increase  in  reactor thermal 
power needed. 
than needed to provided t h e  necessary  water output  
using back-pressure steam turbines, condensing tKr- 
b ines  can be  provided to  make inore eff ic ient  u s e  of 
a l l  or part of h e  steam. Heat  flow to back-pressure 
turbines is calculated us ing  Eqs. (10) and (11); 
here t h e  brine hea ter  of the  evaporator s ,  owes as 
the condenser .  In t h e  a b s e n c e  of a desa l t ing  evap-  
orator, hea t  flow to a condensing turbine i s  coni- 
Futed u s i n g  Eqs. (12) and  (13). 

5. Compute capi ta l  investments  for the  anc lear  
reactor and tlie turbine geneiator or  t h e  turbine 
geneiator and condenser  according to t h e  type of 
reactor desired (LWR, FBW, or MSBR), t h e  number 
of reactors  per s ta t ion ,  United S t a t e s  or non-United 
S ta tes  construct ion,  and the  total  hea t  load (Mw). 
Table  4.4.1 and  Figs .  4A.1 and 4 4 . 2  contain da ta  

4. If an evaporator i s  included and operation 

If power requirements a r e  greater 

'Evaporator power depends  upon 'iype of evaporator  
Auxiliary power  requirements  s e l e c t e d ,  V T E  or MSF. 

for e a c h  a r r  l i s ted  in T a b l e  71%. 1 ~ Appendix 7A. 
*Power for i i r igat ion purnpiiig is proportioned to  the  r e -  

quired water  production ra te  in  Mgd b a s e d  on tlie require-  
ment of 204,000 h p  for a 1000-Mgd irrigation sys tem 
(sys tem 2 ,  T a b l e  6.13). 

3All equat ion numbers refer  to Appendix 7A 

for light-water reactors ,  turbine generators, and 
condensers ;  Fig. 4A.5 contains  c o s t  da ta  for f a s t  
breeder and molten -sal t  breeder reactors. Nuclear 
power s ta t ion  capi ta l  c o s t s  for United S ta tes  loca-  
t ions,  from Chap. 4 and Appendix LEA, are  increased 
by 12% for non-United S ta tes  construction, as d is -  
cussed  in Sect .  3.5 of Chap. 3. 

is computed for the  three  different t y p e s  of reactors  
according t o  the following relat ionships:  

6. Fue l  inventory capi ta l ,  a nondepreciating item, 

LWI? 2.500 Mw(therrna1) $7057 'Mw(therma1) 
2500 to 1600 Mw(:herrnal) $671O/Mw(therinal) 
4600 Mw(therma1) $6333 :?Aw(therrnal) 

FBR All $16,000 ihlw(therina1) 

MSBR All  $7634 :hliu(thern?al) 

7. Operating c o s t s  of the reactor and t h e  turbine 
generator are determined by reference to  F igs .  4A.3 
and 4A.4 for LWR's. 0perat i r .g  costs for f a s t  
breeder and molten-sal t  breeder powei s ta t ions  a re  
computed a s  85% of the  operat ing c o s t s  shown for 
a light-water reactor of the  same thermal power. 

8. Capi ta l  investments  for multistage flash and 
vertical-tube evaporators  a re  shown i n  F i g s .  4A.7 
and 4A.8. Thc performance ratio assumed in t h i s  
report is 1 2  l b  of I4,O per 1000 Btu. Operation 
and maintenance c o s t s  for a n  evaporator, in dol lars  
per year, a r e  ca lcu la ted  using the  equation 

where C, is capi ta l  cos t  of evaporator, millions of 
dol lars ,  and LF, is the  load factor of the evapora- 
tor. Additional c o s t s  are incurred by t h e  evapora- 
tor plant for chlorination of intake water to  prevent 
a lgae  growth and for the  addition of antifoam ma 
t e r ia l s  and calcium t o  t h e  product water  to prevent 
corrosion. T h e  amount of chlorine needed,  i n  tons  
per year ,  is 

(365 x LF,) 
T C  ~ 5%' R I i C  , 

P C  48,000 

2 21 
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where Wp = f resh  water  output, Mgd, 

Rc  - 5 ppm, rate  of C1, addition, 
Eic - 2 hr/day treatment time. 

T h e  c o s t  of calcium and antifoam chemicals ,  i n  
dollars per year ,  is 

The  c o s t  of s c a l e  prevention on  h e a t  t ransfer  sur-  
f a c e s  i n  the evaporator i s  dependent  on t h e  method 
used.  T h i s  report a s s u m e s  t h e  u s e  of c a u s t i c  
and/or chlor ine b e c a u s e  they a r e  products of the  
complex. In the  case O F  a non-United S t a t e s  loca-  
tion €or a nuc lear  agro-industrial complex, the  log- 
ical treatment choice  would b e  hydrochloric ac id ,  
since chlorine is assumed to have  no value (see 
Table  5.9). T h e  annual  chlor ine requirement is 

( W B  + W , )  i 710 
T --.-r- 

2000 (365 x LF,) , (4) A 

where T is annual  chloi ine requirement, tons /  
year, and W ,  t W p  is volume of br ine blowdown 
plus  f resh water  product, Mgd. If a suff ic ient ly  
large br ine e lec t ro lys i s  plant  is part of t h e  indus- 
trial complex, the  only addi t ional  cap i ta l  c o s t  is 
the cost  of t h e  recombiner, 

C, = 0.096[0.O0332(WB + W p ) J 0 . 6 0 ,  (5) 

where C, is capi ta l  c o s t  o f  recombiner for hydro- 
chlor ic  a c i d  treatment of seawater ,  mil l ions of 
dollars. For a country which h a s  e x c e s s  c a u s t i c  
soda  capac i ty ,  scale preventive treatment might b e  
accomplished by partial precipitation of calcium 
with c a u s t i c .  T h e  annual  requirement of c a u s t i c ,  
i n  tons  per year ,  for seawater  treatment i s  

with T A  from Eq. (4). T h i s  is suff ic ient  c a u s t i c  
soda  to precipi ta te  23% of t h e  calcium present  in 
2000 Mgd of seawater .  T h e  addi t ional  cap i ta l  cost 
(above that  of t h e  caust ic-chlor ine plant) is t h e  
c o s t  of c lar i f icat ion equipment, 

C, = O.00577(WB + W,,) , (7) 

where C, is t h e  capi ta l  investment in  mil l ions of 
dol lars .  Another variation which might b e  used  is 
the  equimolar treatment, where one-half of t h e  in-  

coming seawater  is treated us ing  chlor ine as hy- 
drochloric a c i d  and t h e  remainder is treated using 
c a u s t i c  s o d a  to  precipi ta te  calcium. T h e  annual  
consumption of chlor ine is 

0 V l 3  I $, x 355 
(8) T ' -  . _  - - -  (365 / LF,) 

2 000 A 

T h e  annual  c a u s t i c  requirement is 

(9) 

The  capi ta l  investment  is t h e  combined c o s t  of a 
recombiner a n d  t h e  clar i f icat ion equipment, 

C E U  = 0.0O289(WB t W o )  

-- 0.096[0.00166(W, + Wp)]0*60 , (10) 

where C,, is capi ta l  investment ,  mil l ions of dol- 
lars. If t h e  chlor ine output is insuff ic ient  o r  a b s e n t  
completely, o ther  methods might b e  chosen ,  s u c h  
as sulfur ic  a c i d  treatment or C O ,  suppression."  
T h e  amount of sulfur ic  a c i d  required to treat t h e  
incoming seawater  to a n  evaporator plant, i n  tons  
per year ,  is 

365 < L F e  
2 000 T ,  8.34(WB + W,J x ppm, I (11) 

where ppmAc 1 114 to  119,  ra te  of addition of 
H2SO,, ppm. A good approximation to t h e  manu- 
facturing c o s t  of H,SO, i s  given by us ing  the 
equation 

C,, = 0.333Ps + 2.50 t 0.75 (12) 

over  t h e  range 250 to 1000 tons/day of H 2S0,, 
where C,, = dollars  per ton of 100% H,SO, and 
where P s  - price of sulfur ,  dol lars /short  ton. To 
summarize, t h e  to ta l  operation and maintenance 
c o s t s  of t h e  evaporator a r e  computed as the  sum 
of Eqs .  (1) and (3) plus  t h e  c o s t  of s c a l e  preven- 
tion, which depends upon t h e  method used. C a u s t i c  
and chlor ine used  in the  complex a r e  deducted 
from t h e  annual  sales of t h e  complex, or, if sulfur ic  

4U.S.-Mexico Study ( to  be published). 

5Phosphatic F e r t i l i z e r s ,  Technical Bulletm No. 8, T h e  

See  also 
Appendix SA. 

Sulfur Ins t i tu te ,  Washington, I>. C. (1966). 
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acid i s  used ,  t h e  c o s t s  a s  computed by Eqs .  (11) 
and ( 3  2)  a r e  added to operation and maint, Onance 
cos ts .  

9. For the s a l e  of power t o  a grid or for a grid- 
t ie  interconnection to provide reliability when only 
one reactor  is assurricd, i t  is necessary  to  add t h e  
capi ta l  investments  needed for th i s  facility. The 
capi ta l  investment, i n  millions of dol lars ,  is given 
by 

where I,, is grid power, Mw. T h i s  investment  is 
based  on power t ransmission over a 100-mile d i s -  
tance and inc ludes  a switchyard incorporating 
s tepup transformers and their a s s o c i a t e d  high- 
voltage breaker, high-voltage t ransmission breaker, 
transmission l i n e s ,  and receiving-end switchyard 
incorporating only breakers. It is based  on d a t a  
presented in a ieport ent i t led Cos f  Study o f  Product  
Water Conveyancc a n d  Electric P o w e r  Transmis- 
sion for Large  Nuclear  Dual-Purpose Plants. 

10. The  c o s t s  of harbor fac i l i t i es  include harbor 
improvements and administiation faci l i t ies .  In gen- 
eral, improvements include two- and four-position 
docks,  100 It wide by 1000 t o  1500 ft long. Diedg- 
ing i s  included,  assuming a bottom cons is t ing  of 
half s a n d  and half rock and costs of $6.00 per 
cubic  yard. Breakwaters t o  sh ie ld  the  docks and 
tanker mooring and submarine fuel lilies a re  in- 
cluded. Harbor administration c o n s i s t s  of a n  ad- 
ministiation building, harbor fire s ta t ion ,  and 
miscel laneous v e s s e l s .  For complexes manu- 
fastui ing ammonia, elemental phosphorus, alumi- 
num, and caust ic-chlor ine,  the  capi ta l  investment  
for a harbor may b e  approximated using t h e  relation- 
sh ip  

where C, is capi ta l  c o s t ,  millions of dol lars ,  and 
Mwe 7 power plant  net  e lectr ical  output i n  mega- 
wat ts  af ter  deduction of grid power. For nuclear  
agro-industrial complexes a l s o  producing food, t h e  
cost of harbor fac i l i t i es  may be  approximated us ing  

%ubcontract 2893, Job  No. 4087-1, 31 August 1967; 
prepared for the Oak Ridge  Nat iona l  Lahorntory by Ralph 
M. Parsons  Company. 

where Mwe is power plant net  output in  inegawatts 
after deduction of grid power bui including power 
for water. T h e s e  relat ionships  a re  valid over  the  
power range of 500 to 2700 M w .  Equation (IS) i s  
only valid for operation of turbines  i n  the  back.- 
pressure region without bypass .  

tions of nuclear  agro-industrial coniplexes. To 
s i z e  the  town the following assumptions were made: 

1. F o r  each  agricul tural  and for each industrial 
worker o n e  addi t ional  s e r v i c e  worker is re- 
quired. 

2. On t h e  average there would he  f ive  people  per  
household and f ive workers for each  three 
households .  

11. A town w a s  provided only for foreign loca- 

In other  words, there  will be  two nonworkers for 
each worker. T h u s ,  as an example, assume 3000 
industr ia l  workers and 5500 agricultural w0ikei-s a t  
a complex. T h e  town would contain 8500 s e r v i c e  
worke:s in  addition to the above iiidiistrial and 
agricultural workers, and t h e  total  population would 
be 51,000. T h e  capi ta l  investment  needed to provide 
fac i l i t i es  for the  workers and their families w a s  
ca lcu la ted  based on a n  al lowance of $300.00 per  
person. T h i s  money is not  intended to furnish a l l  
the fac i l i t i es  needed for the  town, but i t  is suff ic ient  
to provide ini t ia l  housing for the workers and their  
families, sani tary and  water  fac i l i t i es ,  and s t r e e t s .  

12 .  Capi ta l  and operat ing c o s t s  for United S t a t e s  
industr ia l  complexes a r e  computed by reference to  
OWL-4296; capi ta l  c o s t s  of the various indus t r ies  
may b e  found i p  T a b l e  1 or 2. T h e  direct  and in- 
direct  c o s t s  are obtained by u s e  of the approximate 
tab les  which are indexed i n  t h i s  report. However,  
the c o s t  of ut i l i t ies  i n u s t  not b e  included when de.. 
termining t h e  economic balance s h e e t  for a nuclear-  
powered complex. For non-United S ta tes  conditions, 
indirect c o s t s  for individual p r o c e s s e s  must b e  i n -  
c reased  in proportion t o  t h e  increase  in capi ta l  costs 
for o v e r s e a s  constiiiction, while labor  c o s t s  must b e  
halved. 

13. Capi ta l  investment  for t h e  farm is linearly 
s c a l e d  according to i t s  water  requirements, us ing  as  
b a s e  cases t h e  fanris for a 1000-Mgd evaporator l i s t e d  
in T a b l e  6 .17 .  Gross  receipts  from t h i s  tab le  a r e  
sca led  similarly. 19iiect operat ing c o s t s  and nver- 
head f o r  t h e  three farill s y s t e m s  without c o s t s  of 
power, water, and fertilizer, i n  millions of do l la rs  
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per year, are as  f’ollows: system 1, 75.7; system 2, 
63; and system 3, 56.1. Fertilizer application rates 
for each  of the crops are listed in Table 6.5. Total. 
fertilizer application may be calculated using this 
table and the crop acreages  l i s ted  in  ‘Table 6.13. 
Total  sales of t he  complex are reduced by an  amount 
tiecessany to provide sufficient fertilizer for the  
farm needs, remembering that ammonia contains only 
82% nitrogen, 

14. Working capital  for complexes is computed as 
one-third of the  annual direct operating cos t s  of the 
complex. 

upon the total capital  investment in battery limits 
plant facilities arid are calculated using Eq, (I) or 
(2) of Sect. 5.6.1. 

15. Off-site facil i t ies for complexes a re  based 

16. The  value of products or gross sales of the 
complex are  computed by using production rate, 
operating days  per year, and the appropriate product 
sales price f.0.b. factory as listed in ‘Tables 5.9 for 
industry and 6.7 €or the farm. Note that two product 
price leve ls ,  domestic and world export, are assumed 
for industrial and agricultural products from non- 
United States complexes, The world export price 
level for industrii3l products is assumed t G  be the  
same a s  the United S ta tes  price level, while  for ag- 
ricultural products th i s  level is assumed to be those  
prices which are paid to farmers in  exporting coun- 

tries. ‘The domestic price level i s ,  i n  general, about 
30% higher than world export prices and is assumed 
to represent prices paid by natioris which must import 

Credit for f i ss i le  material produced by the  nuclear 
these  products. 

power source is calculated using the gross thermal 
power of the reactor, operating hours per year, atid 
reactor technology. Credits Icr f iss i le material for 
the respective technologies are: 

LWR 0.0769 rni l l s /kwhr (thermal) 

FRR 0.172 mills/liwhr (thermal) 

MSBR 0.0351 mi l l s /kwkr  (thermal) 

Credit foi giid power is computed based on output 
i n  kilowatts electric,  operating hours per year, and 
the price of &?ower: 

LWR 3.4 mil l s /kwhi  (electrlcal) 

FBR and MSBR 2.0 inill s/kwlir (electrical) 

17. Internal. rates of return for the complexes a re  
calculated a s  described i n  Chap, 3 and Appendix 3A. 
Net  annual. benefits ate obtained ty deducting a l l  
expenses, including the present worth of all  invest-  
ment charges (including in te r rs t  during Construction), 
computed a t  the  various ~ o s t s  of tnuney (2.5, 5, 10, 
20x1, horn the gross sales of the complex. 

NOTE ADDED IN PROOF 

Jn the course of the on-going program on Nuclear I h e ~ g y  Centers, new da ta  have been developed and 

the old further refined. It is the  purpose of this note to call atteation to the m o s t  significant of these 

changes and to give ai, indication of their overall effect .  

1) A ~ w ~ ~ ~ ~ ~ ~  ?‘he capital  c o s t  of R plant prdricing fabricated aliminurn w a s  found to ’De too high by 
about 20%. Also, the ‘ZJnited States price used for  fabr icakd  aluminum of 32 >7$/lb should be increased 
to a t  least  37q/lb. The effect of including these  corrections would be to increase t h e  internal rate of 
return of the  complexes producing aluminum by about 1 point. Furthermore, there would h e  little dif- 
f e r i m x  in  rate of return between complexes with and without fabricated aluminum production (Fig. 7.1, 
p. 139). 

2)  Electrolyt ic  Ammonia: The indirect cost factor for the water-electro!ysis plant should be increased, 
causing an increase i n  the overall plarrt investment  of about 9%. This change would (:au,c;e a decrease 
in the internal rate of return of less than 0.1 pcint. 

’]The a h v e  changes do not afrtect the overa l l  conclusions of the report. A detailed discussion of the 
recommended changes will be included i n  ORNLl-4296, Tables  f m  Computing Maufacturirag Costs  of [n- 

diistrial Prcxlrrcts in an Agro-lr2drrstrial’ Complex, by H. E. Gfx1Ie r  (to be published). 


