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An artist’s conception of an agro-industrial complex stretching along the shore of a coastal desert. It produces and con-

sumes 2000 Mw of electricity and 1,000,000,000 gal of fresh water per day, employing two large reactors for the energy source.

It includes a 300,000-acre farm, irrigated with water from a seawater evaporator, and industrial plants to produce aluminum

sheet and bar stock, electric furnace phosphorus, caustic-chlorine by brine electrolysis, and ammonia from electrolytic hy-

drogen. Associated facilities include a solar salt works, a railroad marshaling yard, an artificial harbor, and docks for import

of raw materials and export of food and industrial products. Not shown are a town and other living quarters for about 100,000

persons.



PREFATORY NOTE

Alvin M. Weinberg, Director
Oak Ridge National Laboratory

I have written a preface to this study on nuclear-powered industrial and agro-industrial complexes for
several reasons:

First, I wish to stress the importance of the findings of the study. Combining the outputs of energy-
intensive industrial processes, and clustering the plants around a nuclear reactor, is not a new idea.
However, prior to this study, no really systematic analysis of such a complex had been made. Though the
economics of such centers depends sensitively upon the prices that the industrial products can command,
1 find it most encouraging that even with fairly conservative assumptions substantial internal rates of re-
turn can be achieved in such nuclear-powered complexes.

Second, the study gives added incentive to the development of extremely low-cost energy sources.
The demand for energy for chemical processing is decidedly elastic. If power can be produced at much
less than the 3 mills or so per kilowatt-hour that TVA estimates for Browns Ferry No. 3, then we may see
chemical processes increasingly substitute energy for other raw materials. To take an extreme example,
power at 1 mill could plagr an important role in the liquefaction of coal. If these extremely low costs of
energy are ever achieved, the demand for energy could be expected to rise dramatically, as indicated in a
semiquantitative manner in the adjoining illustration. In a sense then, this study provides a strong incen-
tive for the long-term development of the most advanced nuclear breeders — reactors that it is hoped can
supply energy at much less than 3 mills/kwhr.
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Third, though industrial complexes of the general type described here are not fundamentally new, the
combination of these with highly rationalized agriculture based on desalted water is a new and very in-
teresting idea. The relative emphasis to be placed on the agricultural and the industrial aspects of the
energy center was a matter to which the study group gave serious thought. The balance which finally
emerged represents a careful weighing of the views of the agricultural and industrial experts who partic-
ipated in the work. In any case the agricultural and industrial elements of the study are well separated
and documented so that those more interested in the one or the other, or in the combination, can readily
find what they need.

A study such as this, with its rather general approach, is not intended to prove that a nuclear-powered
energy complex in a specific location ought or ought not to be built. Such judgment must come only after
a very detailed examination of a specific site that takes into account all local and regional economic and
political factors. I am pleased that several specific site studies are now under way, and we hope that at
least some of these detailed studies will lead to actual construction of nuclear-powered energy centers.

In conclusion, I want to thank all the people who worked so diligently in preparing the study. Partic-
ular thanks go to Professor E. A. Mason, who headed the study during his stay in Oak Ridge in the
summer of 1967; to John Michel, Deputy Director of the study; to Commissioner James T. Ramey, who
provided strong support for performing the study; and to R. P. Hammond, whose ideas have formed the
basis for much of this study.
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NUCLEAR ENERGY CENTERS: INDUSTRIAL AND AGRO-INDUSTRIAL COMPLEXES

1. INTRODUCTION

In June 1967 the Oak Ridge National Laboratory
started a study of the technical and economic feasi-
bility of ‘‘nuclear-powered industrial and agro-
industrial complexes,’’ primarily as an avenue to
industrial, agricultural, and general economic ad-
vancement in developing countries. Such a complex,
shown schematically in Fig. 1.1, might consist of a
large nuclear reactor station producing both elec-
tricity and desalted water. The electricity would
be consumed in adjacent industrial processes and
for pumping water, while the desalted water could
be used either for municipal and industrial purposes
in an industrial complex or in an irrigated agricul-
tural complex located in a coastal desert region.

There are many different forms that energy-
centered complexes can take. Possible complexes
might include only the reactor coupled with an
energy-consuming industry or with pumping stations
for lifting and transporting groundwater to agricul-
tural irrigation projects and for general industrial
and urban use. An example of the latter case is
described in a companion report! as applied in an
irrigation scheme using pumped groundwater for the
Ganges Plain in India.

The recent report of the President’s Science Ad-
visory Committee on The World Food Problem pro-

1Perry R. Stout, Potential Agricultural Production from
Nuclear-Powered Agro-Industrial Complexes Designed
for the Upper Indo-Gangetic Plain, ORNL-4292 (to be
published).
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vides much of the motivation for the present study.
This report? concludes, in part:

1. ‘“The scale, severity, and duration of the
world food problem are so great that a massive,
long-range, innovative effort unprecedented in
human history will be required to master it.”’

2. ‘“‘Food supply is directly related to agricul-
tural development and, in turn, agricultural develop-
ment and overall economic development are critically
interdependent in the hungry countries.”’

The principal question set by the ORNL study
team was: How and to what extent could the low-
cost energy anticipated from nuclear reactors be
used effectively to increase both industrial and
agricultural production, with particular attention
being given to applications in developing countries?

1.1 Background for the Study

A study of integrated nuclear agro-industrial
complexes seemed appropriate at this time for sev-
eral reasons. Starting in 1966 the nuclear reactor
generating capacity sold to the utility industry in
the United States had increased dramatically.3 The
cost of producing electricity from the largest of

2The World Food Problem, A Report of the President’s
Science Advisory Committee, The White House, May
1967.

3u.s. AEC, Division of Operation Analysis and Fore-
casting, Forecast of Growth of Nuclear Power, WASH-
1084 (December 1967).
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these reactors has been estimated to be less than
the alternative costs for producing electricity from
fossil fuels in many regions of the United States.*"5
Furthermore, developments now under way on ad-
vanced breeder reactors give prospects of further
reductions in the costs of generating electricity.6—8
Electricity is already an important ‘‘raw material’’
in the production of many chemicals and metals,®
and the future availability of such low-cost power
is likely to increase its role.!®:!! A preference

for power-intensive processes should lead to
changes in the technology which will, in tum, af-
fect the economics of the chemical and metallurgical
industries and in some cases eliminate the depend-
ency on certain key raw materials. The importance
of this is magnified by the mobility of nuclear en-
ergy since a nuclear reactor, unlike a hydro plant

or even an oil- or coal-fired plant, can be built
‘““anywhere’’ without suffering a significant fuel
cost penalty. These developments open the possi-
bility of underdeveloped countries that now lack
fossil fuels becoming self-sufficient in energy and
then in many heavy chemicals, including the basic
fertilizers.

Coupling large advanced nuclear reactors with
seawater evaporators incorporating an improved
heat transfer surface suggests that it may be fea-
sible to use desalted seawater in irrigation agricul-
ture.!? In these dual-purpose plants, high-tempera-
ture steam from the reactor is used for production

4Tennessee Valley Authority, Comparison of Coal-
Fired and Nuclear Power Plants for the TVA System,
Chattanooga, Tenn., Office of Power, June 1966.

5G. L. Decker, W. B. Wilson, and W. B. Bigg, ‘‘Nuclear
Energy for Industrial Heat and Power,”* Chem. Eng.
Progr. 64(3) (March 1968).

6Appendices to An Assessment of Large Nuclear Power
Sea Water Distillation Plants, Annex A, Interagency
Task Force, Office of Science and Technology, March
1964.

7_]. A. Lane, ‘““Economics of Nuclear Power,’* Ann.
Rev. Nucl. Sci. 16 (1966) .

8T. D. Anderson et al., Technical and Economic
Evaluation of Four Concepts of Large Nuclear Steam
Generators with Thermal Ratings Up to 10,000 Mw
(ORNL report to be published).

9_]. M. Holmes and J. W. Ullmann, Survey of Process
Applications in a Desalination Complex, ORNL-TM-1561
(October 1966) .

10R. E. Blanco et al., An Economic Study of the Pro-
duction of Ammonia Using Electricity from a Nuclear
Desalination Reactor Complex, ORNL-3882 (June 1966).

11Meyer Steinberg, The Impact of Integrated Multipur-
pose Nuclear Plants on the Chemical and Metallurgical
Process Industries. 1. Electrochemonuclear Systems,
BNL-8754 (December 1964).

of electricity in a turbine-generator; the exhaust
steam is then used as the heat source in a seawater
evaporator for the production of fresh water. The
projected cost of water from such plants, though
much less than what has been demonstrated so far,
still is higher than most irrigation farmers usually
pay although in many cases these prices are sub-
sidized. It was recognized, however, that crop
water requirements using distilled water may be
less than generally had been believed to be the
case. Its use in agriculture would nevertheless re-
quire intensive farm practices and skillful manage-
ment.

Recent developments in both industrial and agri-
cultural technologies further enhance the viability
of such a complex. The electric furnace process
for the production of phosphorus is of particular im-
portance to developing countries that do not have
sulfur,!3 especially in view of the recent rise in
the price of sulfur.!* Also of importance are the
recent developments in water electrolysis, which
could eliminate the need for natural gas or petro-
leum as a source for the hydrogen required in ammo-
nia synthesis.!5 Inexpensive hydrogen will un-
doubtedly find other large industrial uses, such as
reduction of iron ore to produce steel.

Recent advances have been made in agriculture,
as evidenced by the new varieties of rust-resistant
dwarf wheat and rice developed largely under the
sponsorship of the Rockefeller and Ford Founda-
tions. Under conditions of adequate fertilization
and management, these varieties yield more than
twice as much per acre as ordinary varieties. The
water required to raise the grain needed to sustain
an adult is much reduced by the use of these new
crop types when coupled with efficient management
practices.

These separate technologies, if judiciously com-
bined, may provide developing countries a means of
combating the imminent food shortages as well as
providing a means of ‘‘leapfrogging’’ in their tech-

12p. P. Hammond, ‘‘Desalted Water for Agriculture,?®’
prepared for the International Conference on Water for
Peace, paper No. P/384, May 23-31, 1967 (to be
published).

13Cun-ently, phosphatic fertilizers are primarily pro-
duced by treating phosphate rock with sulfuric acid.

l4p v, O’Hanlon, ‘“The Great Sulfur Rush,’’ Fortune
77, 107 (March 1968).

lsAllis-Chalmers, Design Study of Hydrogen Produc-

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



nological development. The advantages of combin-
ing these technologies into a single complex are
twofold: first, the energy source can be larger than
would otherwise be the case, and because of eco-
nomics of scale the unit cost of power and therefore
of each of the products is reduced; and second, by-
products or waste products from one process can
serve as raw material for adjoining processes.
Industrial complexes somewhat like the ones
described in this study are by now well known in
the world. One of the best examples is the petro-
chemical SASOL complex near Johannesburg, South
Africa; others are located in Trombay, India, and
Texas City, Texas. The complexes described here
differ from these in two respects: agriculture,
based on desalted water, is part of some of the com-
plexes studied in this report; and nuclear energy,
rather than coal or petroleum, is the fundamental
raw material upon which these complexes are
based. This existence of economically sound,
integrated industrial complexes suggests to us
that the idea of similar complexes based on nuclear
energy is well worth serious further and detailed
study.

1.2 Organization of the Work

In approaching the study, it was decided to begin
with a survey of the component parts of an agro-
industrial complex. Lists were prepared of many
industrial and agricultural products, and it was
quickly realized that many eliminations and
choices could be made and technical interrelation-
ships uncovered without reference to a particular
locality. On the other hand the availability of
labor, materials (including suitable land), and
markets for end products are strongly affected by
the locale, so that a compromise between specific
and general studies had to be made.

The study therefore proceeded along two parallel
lines: first, ‘‘building block’’ information on in-
dustrial processes and farm crops was developed,
and, secondly and simultaneously, information con-
cerning the geography, demography, and economics
of several coastal desert regions of the world was
obtained. More specifically the work fell into the
following categories.

1. The basis or rationale for the assumed costs
of power, steam, and desalted water. This was
divided into two time reference periods: cost ranges
expected from plants using current reactor and evap-

orator technology, and cost ranges projected or
anticipated from plants using advanced breeder re-
actors and advanced evaporator concepts.

2. The effects of the cost of electricity upon the
technologies and total costs of various chemicals,
fertilizers, and metals which require large amounts
of electricity in their production. This work in-
cluded studies of the effect of integrating a number
of these energy-intensive processes into various
industrial (nonagricultural) complexes which would
be served jointly by a nuclear-powered generating
station.

3. The effects of the cost of water on the total
production costs of a variety of selected crops.
This work entailed the development of water-yield
relationships, quantities and costs for fertilizer,
labor, seed, etc., and the capital costs involved in
developing coastal desert regions for growing these
crops under year-round intensively managed farming.
While the cost per unit of production of agricultural
products remained as the focal point, emphasis was
also placed on obtaining the maximum productivity
of water.

4. The economics of combining a nuclear electric
generating station, an industrial complex, and an
agricultural complex into an agro-industrial com-
plex.

5. The geographic factors, such as topography,
soils, climate, mineral resources, economic factors,
and shipping costs, which would influence the na-
ture and feasibility of nuclear-powered agro-
industrial complexes in various parts of the world.
This included a preliminary review of the social
implications and possible problems of implementa-
tion in developing countries.

1.3 Reporting the Results

The intent of this report is to describe the work
performed, including a discussion of the rationale
for the assumptions used, and to present the con-
clusions and recommendations for further work.
Quantitative relationships have been included in
the attached appendices to allow the reader to ad-
just the results for changes in assumptions in the
manner of a ‘‘do-it-yourself kit.”” A separate sum-
mary report is being concurrently issued; more-
detailed reports in several of the major subject
areas will be published later, as follows:



Title of Report Author ORNL No.
1. Nuclear Energy Centers: Industrial and Agro-Industrial Gale Young and J. W. 4291
Complexes — Summary Report Michel
2. Potential Agricultural Production from Nuclear-Powered Perry Stout 4292

Agro-Industrial Complexes Designed for the Upper Indo-
Gangetic Plain?

3. Data Obtained on Several Possible Locales for the Agro- T. Tamura and W. J. 4293
Industrial Complex Young

4. 1. Steelmaking in an Agro-Industrial Complex A. M. Squires 4294
II. Acetylene Production from Naphtha by Electric Arc W. E. Lobo

and by Partial Combustion

5. Problems in Implementation of an Agro-Industrial J. A. Ritchey 4295
Complex
6. Tables for Computing Manufacturing Costs of Industrial H. E. Goeller 4296

Products in an Agro-Industrial Complex

4Not prepared under auspices of the U.S. AEC but included in this series because of the close relationship to this

project.

Perhaps it is desirable to mention what this economists, scientists, and agricultural experts
study did not include. It was not intended to be a under the direction of Professor E. A. Mason of the
study of or for a particular country or region. Massachusetts Institute of Technology. This staff
Further, it could not be of sufficient depth to pro- was assisted by six consultants who worked on
vide the basis for investment decisions; for ex- special topics, and by an advisory panel of 13
ample, no detailed market analyses or surveys of distinguished consultants from industry, govern-
the adequacies of the countries’ related infrastruc- ment, and academic institutions. The panel met for
tures were conducted. In general, a financial three two-day review sessions during the summer.
analysis was not made nor was the nuclear-powered  Experts from nine industrial organizations provided
agro-industrial complex compared with other alter- information concerning capital and operating costs
natives for achieving similar benefits. Finally, it for various industrial processes, while a large num-
should be recognized that the reason for not exam- ber of other contributors provided information on
ining in this study an agriculture only complex various other aspects of the project. The names
based on desalted water was that single-purpose and organizations of the participants are listed in
water-only plants have not yet been designed that Appendix 1A, and we wish to acknowledge their help.

will give water costs as low as those obtainable
from the dual-purpose electricity/water plants.

1.4 Acknowledgments

During the summer of 1967 the Laboratory brought
together a full-time study group staff of 16 engineers,



2. SUMMARY

An intensive short-term study was made to eval-
uate the technical and economic feasibility of
applying large nuclear energy centers for (1) the
production of basic industrial products in the
United States and in developing countries and (2)
the production of both industrial and agricultural
products using desalted water at coastal desert
regions, primarily in developing countries of the
world. This report describes the work performed
in connection with this study, and the following
summary section briefly discusses the most signif-
icant results in the main areas of work and presents
the overall conclusions of the study. Detailed con-
clusions and recommendations are given in Chap. 9
of this report.

Two generalized models were used. In the first,
the object was to determine the effect of various
costs for electricity and water on the cost of pro-
duction of industrial and agricultural products.
Electricity and water were therefore considered to
be purchased from outside the complex; the costs
of the electricity, water, and raw materials re-
quired were varied parametrically over ranges
selected to include conditions around the world.

In the second model, the object was to estimate
the total investment, operating costs, income, and
tate of return for integrated nuclear-powered in-
dustrial and agro-industrial complexes. Since the
electricity and water required for production uses
would be produced within the complex, the costs
of electricity and water in this second model were
not estimated directly, but rather all the capital
and operating costs for producing these inputs
were included in arriving at the total costs for
operating the overall complex under consideration.

In both models, various levels of production
capacity were considered. Two sets of economic
conditions were employed — one for conditions in
the United States and one for developing countries.
These conditions primarily consisted of assumed
sets of costs of plant construction, raw materials,
and labor, and the sale prices of finished products.
Uniform methods were adopted to allow for interest
during construction, depreciation, working capital,
etc., using a range for the cost of money from 2.5
to 20%. No allowances were specifically made for
taxes, nor were marketing expenses, including
transportation costs, provided for generally. All
costs and incomes were estimated at the 1967
level, with no allowance for escalation.

Three types of economic analyses were made to
indicate the profitability of the concepts considered
in this study:

1. For industrial products — the maximum cost of
electricity which would give the same manu-
facturing cost as obtained by using an alterna-
tive non-energy-intensive process.

2. For industry or agriculture — the maximum
power cost or water cost which would give a
production cost equal to the current selling
price.

3. For industry or agriculture or for complexes
involving each or both — an internal rate of
return which represents the cost of money at
which the present value of the manufacturing
cost, including investment, equals the present
value of the income from product sales.

Sufficient information is presented to enable other
forms of analyses to be performed so that compari-
sons with other possible investment opportunities
may be made, but such comparisons were not a
part of this study.

2.1 Power and Water Technology and Cost Bases

The technology and the associated cost of pro-
duction of power from a nuclear reactor and the
cost of desalted seawater from evaporator plants
were established for reference use throughout this
report. Two time periods were considered: (1) 10
years in the future (designated ‘‘near-term’’), using
somewhat improved current technology consisting
of light-water reactors with multistage flash evapo-
rators, and (2) 20 years off (designated ‘‘far-term’’),
using the advanced technology of breeder reactors
and combination vertical-tube and multistage flash
evaporators. Cost estimates of equipment and op-
erating expenses were prepared for each time period
and for various methods of financing. Table 2.1
summarizes the basic power costs for United States
conditions which were developed and used in this
study.

It should be recognized that these costs are
illustrative estimates only and that, particularly
for the far-term breeder reactor, the costs should
be considered with uncertainty limits of at least
120%. For example, increasing the capital cost
of a breeder reactor by 25% would increase the



Table 2.1. Power Costs for Large Multiple
Reactor Stations, 3880 Mw (electrical)

Power costs in mills per kilowatt-hour; load
factor = 90%. Numbers in parentheses rep-
resent primarily operating costs of overhead

and maintenance, insurance, and fuel cycle.

Cost of Money
2.5% 5% 10% 20%

Reactor

Technology

Near-term, 1.8(1.2) 2.1(1.3) 2.9(1.4) 4.8(1.6)

light water

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

advanced

breeder

power cost (at 10% cost of money) to 2.4 mills/
kwhr; simultaneously lowering the load factor to
0.8 would increase the power cost an additional
0.4 mill/kwhr.

For dual-purpose plants producing power and de-
salted seawater, no cost allocation for the two
products was attempted; but incremental costs of
adding additional capacity for each were obtained
for several sizes of plants and for costs of money
from 21/2 to 20%. For the near-term technology the
incremental power cost varied from 0.8 to 3.8
mills /kwhr (27 and 20% respectively), and the
incremental cost of water varied from 12 to 49¢
per 1000 gal (also at 21/2 and 20% respectively).
The cotresponding figures for the far-term case
were 0.3 to 3.3 mills/kwhr and 5 to 34¢ per 1000
gal.

2.2 Use of Power

A number of electricity-intensive processes were
investigated to determine the effects of power cost
on total manufacturing cost. This work involved
the compilation of all the many cost components
and their variation with the size of the production
facility. Where possible, these processes were
compared with a competing non-electricity-intensive
process to determine the ‘‘break-even’’ power cost,
that is, the cost of power at which the manufactur-
ing costs by the two processes are equal. The
two most important basic fertilizer materials,
nitrogen (as ammonia) and phosphorus (as phos-
phoric acid), are in this category. Ammonia via
water electrolysis was compared with ammonia via
steam reforming of methane or naphtha, while phos-

phoric acid made by the electric furnace process
was compared with phosphoric acid from the sul-
furic acid acidulation of phosphate rock. Figure
2.1 shows these comparisons and illustrates the
higher relative profitability of the electric furace
phosphorus process.

The manufacture of caustic and chlorine is nor-
mally done by brine electrolysis, and, unlike
aluminum (see below), the raw material costs
(salt) are usually quite low. For a cost of money
of 10% and salt at $3 per ton, the production cost
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for chlorine from a 1000-ton/day plant (assuming
no credit for the coproduced caustic and allowing
for all capital charges including a 10% return on
investment) is as follows:

Power Cost Manufacturing Cost

(mills /kwhr) (dollars per ton of CI2)
2 33
4 40

For a chlorine selling price of $50/ton (recent
U.S., f.0.b.), reducing the power cost from 4 to 2
mills would result in an appreciable increase of
profits. In developing countries where the co-
product, caustic, is more in demand and sells for
as much as $80/ton, the profitability is even
greater. Caustic and chlorine (as hydrochloric
acid) may be used either singly or together as a
scale-preventative treatment for the seawater feed
to an evaporator plant. Thus, electricity would in
effect replace sulfur (as sulfuric acid) for treating
seawater in evaporator plants.

The manufacture of aluminum was also evaluated
in some detail. Since an alternative process is
not available for this product, a geographical com-
parison was made. For example, low-cost (2
mills/kwhr) power at a hydro site 6000 miles from
the raw materials was compared with a nuclear-
powered site 1000 miles from the bauxite source.
For this case a ‘‘break-even’’ power cost range of
from 21/2 to about 6 mills /kwhr was obtained for a
wide range of parameter values (e.g., cost of money
from 27 to 20%, plant capacity from 60 to 685
tons/day, and bauxite costs from $3 to $14/ton).
In this comparison, imported alumina at $60 to
$77/ton was assumed to be the raw material for
the aluminum plant at the hydro site.

Other processes that were examined, but in less
detail than those mentioned above, were (1) chemi-
cals from evaporator discharge brine, including
salt (NaCl), potassium chloride, and magnesium;
(2) iron and steel by hydrogen reduction; (3) acety-
lene from naphtha (or methane) using the electric
arc process; and (4) cement and sulfuric acid from
gypsum (obtained from seawater).

The industrial complex (a group of interrelated
industries without an on-site power plant) was
also evaluated by the break-even power cost
method. [‘‘Break-even’’ in this connection denotes
the cost of power at which production cost, in-
cluding all capital charges (at a given cost of

money, 1) just equals income from the sale of
products.] For a United States location with 1 =
10%, the break-even power cost varied from about
4 to 6 mills/kwhr, depending on the product mix
and the size of the complex. Two typical ex-
amples of the more than 70 cases evaluated are
given in Table 2.2, indicating the effects of dif-
ferent product mixes, United States vs foreign
location, and the influence of the cost of elec-
tricity on the attractiveness of the complex. The
effect of the size of the complex and the cost of
power on the rate of return is illustrated in Fig.
2.2 for a particular product mix under United States
conditions.

In general, the selection of processes studied
was limited to those requiring relatively large
amounts of electricity. These were primarily
basic products which would usually be further
processed before use or be used as raw materials
for other processes. However, to test the effect
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of manufacturing secondary products on the break-
even power cost, the manufacturing costs for three
fertilizer materials — urea, ammonium nitrate, and
nitric phosphate — all made from ammonia — were
computed. The overall profitability was appreci-
ably increased by including the manufacture of
these products in a complex.

A generalized comparison was made of the rela-
tive profitability of a large integrated industrial
complex [2500 Mw (electrical)] with an equivalent

industry made up of small plants dispersed through-
out the country near the market or point of con-
sumption. This comparison thus indicated the
tradeoff between the savings in manufacturing

cost, due to the low-cost power from a large cap-
tive power station along with size scaling and
jointness advantages, and the increased transpor-
tation costs required to deliver the products to

the markets. Table 2.3 summarizes this compari-
son for a non-U.S. case of shipping half the

Table 2.2. Two Typical 1000 Mw (electrical) Industrial Complexes

U.S. Complex

Non-U.S. Complex

Products (tons/day):

Ammonia — 1500
Phosphorus — 560, as on5
Aluminum — 257
Caustic-chlorine — 500, of chlorine

Total value of products (106$)
Power cost (mills/kwhr)
Production cost? 118
Break-even power cost (mills/kwhr)

Total capital investment (1 0%3)

Products (tons/day):

Ammonia — 1630
Phosphorus — 800, as P205

Caustic-chlorine — 355, of chlorine

Total value of products (10%%)
Power cost (mills/kwhr)
Production cost (10°$)2

Break-even power cost (mills/kwhr)
Total capital investment (106$)

71

129 172
4 6 2 4 6
133 150 128 142 165
3.3 7.0
277 303
85 118
4 6 2 4 6
87 106 107 112 130
3.6 4.6
99 112

“Capital charges computed for a 10% cost of money.

Table 2.3. Estimates of the Economic Advantages of a Large Integrated Industrial Complex

" Prde“Ct‘ Product Income Investment Direct Return
P?Xe;:ost anucacturmg Transport from Sales in Industry on Investment
(mills /kwhr) ost Cost (dollars /year) (dollars) (%)
(dollars /year) (dollars /year)
x 106 x 108 x 106 x 106
Large complex 3 264 25 462 640 27
Small plants 3 296 462 960 17
5 341 462 960 13




products from a large complex by rail 300 miles
and half by sea 1000 miles and using a cost of
money of 10%. Transportation costs for raw ma-
terials were not allowed for but would probably
represent an additional advantage for the large
complex at a seacoast location. As indicated in
this table, a large complex could produce the same
products (ammonia, phosphorus, aluminum, and
caustic-chlorine) for two-thirds the investment and
for considerably lower production cost. With the
more probable value of 5 mills/kwhr for the small
plant’s power cost, over one-half of the difference
in annual manufacturing costs may be attributed
to the difference in the assumed power costs.

Several examples of a nuclear industrial complex
were developed to illustrate the advantage of
scaling the power source and jointly using other
common facilities as well as using intermediate
or waste products from one process by another.
Rates of return were computed for a number of such
complexes varying in size from 500 to 2100 Mw
(electrical) for both United States and foreign con-
ditions with different technologies and product
mixes. As indicated in Table 2.4, rates of return
varied from less than 5% to about 19%, the smallest
value being obtained for a 500 Mw (electrical)
United States case with current technology and
the highest rate of return for the 2100 Mw (elec-
trical) foreign advanced-technology case. Note
the large increase in return for the 1000 Mw (elec-
trical) LWR United States case when the product
mix is tailored to a specific location.

Other uses of electric power which were included
in some cases were: (1) power delivered by trans-
mission lines to off-site load centers, (2) power
used for pumping water within the evaporator plant
and in the irrigation system, (3) auxiliary power for
use within the complex, and (4) power for an as-
sociated town.

2.3 Use of Water

The production of distilled water was considered
only for agro-industrial complexes located in re-
mote coastal desert regions where the water was
used primarily for irrigation. While water for gen-
eral urban use could be produced in an industrial-
only complex, this was not specifically considered
in this study.

Water used for irrigation supplied primarily the
evapotranspiration requirements of the crops.

These requirements were estimated for ten crops,
including grains, vegetables, oil crops, fruits, and
fiber. Crop yields and their response to varying
levels of water application were also estimated by
a review of the available data and consultation
with many experts. The yields assumed are those

Table 2.4, Comparison of Internal Rates of Return®

for Several Nuclear-Industrial Complexes

Product Product
Mix I° Mix II1®
U.S. Non-U.S. U.S. Non-U.S.
Reactor Type
Light water 11.4 16.1 13.1 16.3
Fast breeder 12.9 16.8 14.9 17.3
Thermal breeder 14.1 18.0 16.5 19.1
Size (Light-Water
Reactor)
500 Mw 4.5 9.7
(electrical)
1000 Mw 7.4 12.7
(electrical)
2000 Mw 11.4°¢ 16.1
(electrical)
Specific Location?
1000 Mw 18.79
(electrical)
(LWR)

“The internal rate of return represents the maximum
cost of money which may be used and just meet all ex-
penses including return on investment, amortization,
and interest during construction at this rate as well as
the normal operating costs. Taxes and marketing ex-
pense are not included.

b

Product Product

Mix | Mix Il
Ammonia, tons/day 3000 3080
Phosphorus, tons/day 1120 1500
Aluminum, tons/day 514
Caustic-chlorine, tons/day 1130/1000 2260/2000
Power, Mw (electrical) 2048 2026

®Increasing the reactor cost from $125/kw to $150/kw
would reduce the rate of return by 0.6. Eliminating the
production of NH ; and thus decreasing the power con-
sumption to V1000 Mw (electrical) increases the return
by about 0.6.

9Tailored product mix for a Florida location near
phosphate rock deposit: 1180 tons/day of phosphorus
and 685 tons/day of aluminum ingot.



regularlv obtained today by the top 20% of farmers
on good irrigated land. The values adopted are
shown in Table 2.5. In the context of a highly
mechanized and intensively managed farm, the di-
rect costs for each crop were compiled. These
included the costs for labor, fertilizer and chem-
icals, seeds, storage, market preparation, etc.
Current prices paid to farmers were obtained for
each crop so that relationships between the return
(above direct costs) and the price of water to the
farmer could be obtained. Estimates were also
made of the fixed costs, including the irrigation
system, buildings, roads, equipment, and allow-
ances for land reclamation and drainage facilities.
It was then possible to estimate the relative prof-
itability of producing various crops as a function
of the price of water. For example, it was shown
that some crops, such as tomatoes, citrus, and
cotton, would have positive returns above direct
costs with a water cost of 30¢/1000 gal or higher,
while all other crops considered, with the excep-
tion of safflower, sorghum, and soybeans, could do
so at 20¢/1000 gal.

10

The maximum water cost allowable so that the
total production costs (direct plus fixed or capital
expense) equal crop revenue, was obtained for
several crops using a cost of money of 10%. For
wheat this price was about 8¢/1000 gal, for pea-
nuts, 12¢/1000 galk, and for potatoes greater than
35¢/1000 gal. These figures are quite sensitive
to the assumed crop prices; for example, increas-
ing the assumed price of wheat from 2.7¢/1b (paid
to farmers in exporting countries) to 3.3¢/1b (de-
livered price to India) increases the maximum al-
lowable cost for water to nearly 17¢/1000 gal.

Three types of cropping systems were evaluated:
mixed crop, high profit, and high calorie produc-
tion. All three obtained their irrigation water sup-
ply from a 1000-Mgd (million gallons per day) de-
salting plant at two levels of assumed water cost:
10 and 20¢/1000 gal. Table 2.6 summarizes these
evaluations, and Fig. 2.3 indicates the effects of
changes in the cost of water and in the crop price
levels on the rate of return.

The two sets of crop prices used in Fig. 2.3 are
(1) those paid to farmers in exporting countries, to

Table 2.5. Crop Water-Yield Relationships
Fertilizer ..
Water Use Efficiency of Water Use
Applied per Yield Food Value
Crop Type Crop Inches Gallons Acre (Ib) (1b/acre) (Cal/1b) Yield Gallons per
per Acre — (Ib/gal) 2500 Cal
N PO
275
x 103 x 103 x 102 x 103
Grain Wheat 20 543 200 50 6.0 14.8 11.1 152
Sorghum 27.6 749 150 80 8.0 15.1 10.7 154
Pulses Peanuts 34.5 937 120 80 4.0 18.7 4.3 313
Dry beans 20.6 559 70 70 3.0 15.4 5.4 302
0il Safflower 33.4 907 200 50 4.0 14.2 4.4 404
Soybeans 33.4 907 100 50 3.6 18.3 4.0 343
Vegetables Potatoes? 16 434 200 1202 48 2.79 111 81
Tomatoes? 19 516 200 150 60 0.95 116 227
Citrus fruit Oranges® 53.1 1442 180 30 44 1.31 30.5 628
Fiber Cotton? 34.5 937 300 100  1.75 (lint) 4.9 (total)
2.8 (seed)

“Due to marketing considerations, the acreages of these crops were restricted.

545 1b of K20 was also applied.
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Table 2.6. Summary of Farm Systems
Pattern
Ten Crops High Value High Calorie

Farm size, thousands of acres 280 320 300
Percentage of water temporarily stored 18 26 24
Production

Millions of tons per year 3.6 3.1 3.3

Billions of Calories per year 4080 4800 5680
Investment, millions of dollars 285 306 295
Operating costs, millions of dollars per year, at:

10¢/1000 gal 115 102 92

20¢/1000 gal 148 135 125
Gross receipts at import prices, millions of dollars per year 206 195 182
Internal rate of return, ® %, at:

10¢/1000 gal 25 26 21

20¢/1000 gal 16 17 12
Millions of persons fed? 4.5 5.3 6.3
Protein per person fed, g/day 91 107 79
Water used per person fed, gpd 200 170 145
Investment per person fed, dollars 66 58 47
Operating cost per person fed, ¢/day, at:

10¢/1000 gal 7.0 5.3 4.0

20¢ /1000 gal 9.0 7.0 5.4

®Including all operating and overhead expenses, allowances for interest during construction, and all capital

charges.
52500 Cal/day.

cover the case of entering world markets, and (2)
an import price, to cover the case of internal con-
sumption of the food. The use of set 2, which was
30% above set 1, significantly increased the profit-
ability of the farm.

Another vital assumption made is that suitable
crop varieties for the region will be available,
which in some cases implies development programs
including experimental farms and involving years
of advance effort. In general, the uncertainties
associated with agriculture appear somewhat
greater than for the industrial enterprises.

2.4 Integration of Power
and Water Production and Uses

Combining the nuclear reactor, turbine-generator,
evaporator, industry, and farm into one large enter-

prise, a nuclear agro-industrial complex, necessi-
tated the development of a physical model and an
economic model. The physical model, partially
depicted in the frontispiece, is based on use of a
relatively flat coastal desert region and includes
provision for all the required facilities to operate
the complex including a town and small, family
farm plots (not shown) for the farm employees and
some of the industrial workers. This model also
includes the required facilities for storage and
shipping of all raw materials and products.

The economic analysis of the complex consisted
in the itemization of capital expenditures, operating
costs, and receipts from the sale of products. This
was done for two levels of reactor/evaporator tech-
nology at several sizes for both United States and
foreign cases. The internal rate of return was com-
puted as a figure of merit for each case. Table



2.7 shows a condensed version of one of the many
economic evaluations made and illustrates the dif-
ference between the application of near-term (light-
water reactor and multistage flash evaporator) and
far-term (advanced breeder reactor and vertical-tube
evaporator) technologies for a non-U.S. location.
This table also illustrates the effects of several
of the variables considered on the internal rate of
return: (1) the effect of manufacturing secondary
products (i.e., ammonium nitrate, urea, etc.) im-
proves the return and (2) in the far-term case, by-
passing 25% of the prime steam directly to the de-
salting plant and thereby reducing the electricity
generation does not appreciably affect the return.
Bypassing about 85% of the steam to provide only
enough power to operate the desalting plant and the

12

farm (no industrial power) decreased the internal
rate of return for the far-term complex from 16.5 to
10.1% and for near-term technology from 14.6 to
7.4%.

For non-U.S. conditions the effects of size, in-
dustrial product mix, crop price level, and assumed
capital and operating costs were varied to deter-
mine the sensitivity of the internal rate of return
to variation in these parameters. Increasing the
size of the complex from 525 Mw (electrical) in-
dustry/320 Mgd farm to 2100 Mw (electrical)/1280
Mgd gives an increase in the internal rate of return
of about four percentage points. Eliminating the
production of aluminum while increasing the pro-
duction of caustic/chlorine and phosphorus de-
creased the internal rate of return by about one
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Table 2.7. Comparison of Technologies for Nuclear-Powered Agro-Industrial
Complexes Producing Aluminum (685 Tons/Day), Ammonia (1740 Tons/Day),
Phosphorus (765 Tons/Day), Caustic-Chlorine (1500 Tons/Day), and Food

Industrial power, 1585 Mw (electrical)

Near-Term Technology Far-Term Technology
Secondary Primary Primary
Primary Products, NH 3 Primary  Products; Products;
Products Converted to Products No Grid; No Industry;
Urea and plus Grid? Steam Steam
Ammonium Nitrate® Bypass® ¢ Bypassa'd
Station size, Mw (thermal) 11,100 11,900 10,800 8820
(two reactors)
Net electrical power, Mw (electrical) 2100 2900 1935 312
Desalted water, Mgd 1000 1000
Farm size, acres 320,000 320,000
Investment, millions of dollars
Nuclear island 166 261 246 217
Turbine-generator plant 120 118 83 20
Grid tie 0 13 0 0
Evaporator plant 403 279
Industrial complex 570 730 570 0
Farm 306 306
Working capital 79 85 71 65 28
Harbor 35 35 30
Town 32 32 14
Fuel inventory 70 191 174 141
Total® 1781 1947 1876 1790 1035
Annual operating costs, millions of dollars
Power and water plant 47 18 16 21
Industrial complex 133 152 133
Farm 56 56 62
Total 236 255 207 205 83
Annual sales, millions of dollars
Fissile material 7 16 15 11
Grid 0 20
Industrial products’ 347 407 347 0
Farm productgf 194 194
Total 548 608 577 556 205
Income minus expenses, millions of dollars 312 353 370 351 122
Internal rate of return, %/year 14.6 16.1 16.5 16.4 10.1

20nly changes in numbers are listed; all other numbers are the same as listed under Primary Products.
bpye to higher initial steam conditions than obtained with the near-term case, more electricity is made;
excess [""1000 Mw (electrical)] is sold to a grid at 3 mills/kwhr.

CEvaporator operated using some bypass of prime steam to achieve full water output of 1000 Mgd with no
excess (grid) power produced.

dOnly sufficient power is generated to operate reactor, evaporator, and farm; 85% steam bypass.

®Interest charges during construction not included in this total but are allowed for in computing the internal
rate of return.

fImport price level used.



point. The use of export or world price levels for
both the industrial and farm products decreased
the return by about six points. Table 2.8 summa-
rizes the sensitivity analysis by giving the amount
of change required in the pertinent cost and in-
come assumptions to cause a one percentage point
change in the internal rate of return. Finally, the
incremental rates of return for the addition of the
food factory to nuclear-industrial complexes varied
from 7 to 15%.

2.5 Applications

Five coastal desert regions around the world
were studied as potential areas for the location
of an agro-industrial complex. These were located
in India (Kutch), southeastern Mediterranean (Si-
nai), Baja California, Peru (Sechura), and Western
Australia. The individual localities were studied
to test the sensitivity of the many assumptions
made in relation to actual conditions existing in
the world so that the breadth of the applicability
of the agro-industrial complex could be estimated.
The main locale parameters investigated were
climate, soils, topography, physical resources, and
transport facilities. In general, irrigation agricul-
ture on the scale envisaged appeared feasible at
all five locales, although more detailed information
would be required before a realistic evaluation
could be made. Also better resource surveys and
market analyses would be required.

Table 2.8. Sensitivity Analysis: Changes Required
to Give a One Percentage Point Change
in the Internal Rate of Return
for the Far-Term Complex with Grid

Amount Percentage
of Increment  Change in
(dollars) Estimate
x 108
Nuclear island cost 102 39
Evaporator cost 112 40
Industrial complex cost 108 19
Farm cost 121 40
Operating expenses 21 10
Sales
Industrial products 21 6
Farm products 21 11
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There appeared to be many possibilities for in-
dustrial applications both in the United States and
overseas, particularly near large deposits of phos-
phate rock or bauxite.

A preliminary study of implementation problems
as influenced by the social, political, and cultural
environment was made. This study resulted mainly
in the definition of a number of potential problem
areas, and although some recommendations were
made, no specific plan for implementation was de-
veloped.

2.6 Overall Conclusions

The main overall conclusions derived from this
study project may be listed as follows:

1. Significant economic advantages appear pos-
sible by coupling an industrial complex with a
large nuclear heat source as compared with equiva-
lent (same producing capacity) dispersed smaller
industry. The advantages are generally greater
in developing countries than in the United States
but are highly sensitive to the product mix selected
and to local conditions which affect the cost of
raw materials or other manufacturing costs. Indus-
trial complexes based on a capacity requirement as
small as 500 Mw (electrical) in some circumstances
give internal rates of return of 10% or more.

The effect of advances in nuclear power tech-
nology, that is, use of breeder reactors, would
significantly improve the internal rate of return.

In the most striking example, the case of a partic-
ular nuclear-industrial complex in the United
States, the substitution of a breeder reactor for a
light-water reactor increased the rate of return
from 13.1 to 16.5%, a 25% increase in the internal
rate of return.

While this study did not consider nonnuclear
energy sources, there may be some situations
where fossil-fuel or hydro sources are preferred.

In general, the concept of an integrated industrial
or agro-industrial energy center is not dependent
on the type of energy used, although the inherent
characteristic of relative freedom of location is an
important advantage for nuclear energy.

2. The use of coastal desert regions for pro-
ducing a variety of agricultural products by irri-
gation with desalted water appears technically
feasible and generally competitive with food pro-
duced on existing farms. The extra cost for the
expensive water is at least partially offset by the



opportunity to conduct intensive year-round food-
factory agriculture in favorable growing climates
with many conditions under unusually good con-
trol. It appears that using year-round cropping pat-
terns that might be employed on actual farms, the
calorie requirement for a man can be met using
less than 200 gal of water per day. For the high-
calorie cropping pattern which also satisfies the
minimum protein requirements,’ sufficient food
(2500 Cal/day) for one person could be produced
for about 3¢/day with an initial investment of
about $165 per person. These numbers are based
on the incremental costs of adding an evaporator
desalting plant and farm to a large agro-industrial
complex. There were also several nonmonetary
advantages identified for such a food factory lo-
cated in coastal desert regions, for example: (1)
the reliability of food production is increased
since more of the production variables would be
under control; (2) freedom from, in many cases,
restrictive traditions or cultural practices so that
the economic advantage of large-scale mechanized
farming can be realized; (3) the internal require-
ment for an on-going agricultural research program
could be expanded to benefit the country as a
whole — the food factory could become a center
for education, training, and research teo also im-
prove the conventional agriculture; and (4) unused
or ‘““waste’’ land could be made productive and
valuable.

The food produced in off-site conventional agri-
culture which can be attributed to the application
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of the fertilizer made in the complex but surplus
to the food factory tequirernents2 could provide
the minimum diet for 60 to 90 million people. The
investment cost attributable to the required fertili-
zer production facilities, including the appropriate
portion of the nuclear power plant (LWR), would be
about $7 to $4 per person fed, and the operating
cost would be 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 increase in grain yield per
pound of applied plant nutrient as discussed in
ref. 2 of Chap. 1 and assumes some simultaneous
improvements in production practices.

3. Though it appeared that the above two con-
clusions were generally valid at the five locales
studied, a much more detailed analysis of a locale
using specific local data, including the prevailing
financial costs, would be required before specific
implementation of such a project could be at-
tempted. This would include, in addition to actual
soil, mineral resource, climatological, and labor
surveys, a detailed marketing and logistic analysis
as well as consideration of the many socio-political
implications. Finally, the alternatives which may
be available for achieving similar benefits would
need to be evaluated to establish the best ap-
proach for actual implementation.

1 . PRI .
Quantity of protein is adequate but not the guality
or the required protein spectrum.

2Up to 95% of the ammonia and 98% of the phosphorus
produced would be shipped from the complex.



3. ECONOMIC GROUND RULES

Introduction

3.1

The results of economic analyses of various in-
vestment opportunities are highly dependent on the
ground rules used in the evaluations. In order to ob-
tain a valid comparison among the alternatives so
that intelligent choices can be made, it is neces-
sary to apply a uniform set of economic ground
rules. The purpose of this section is to describe
the economic models used and to define the appro-
priate rules used in this study.!

Two generalized models were used. In the first,
the object was to determine the effect of various
costs for electricity and water on the cost of pro-
duction of industrial and agricultural products. Elec-
tricity and water were therefore considered to be
purchased from outside the complex; the prices of
the electricity, water, and raw materials required
were varied parametrically over ranges selected to
include conditions around the world.

In the second model the object was to estimate the
total investment, operating costs, income, and rate
of return for integrated nuclear-powered industrial
and agro-industrial complexes. Since the electricity
and water required for industrial and agricultural
products would be produced within the complex, the
costs of these items were not estimated directly,
but rather all the capital and operating costs for
producing these inputs were included in arriving at
the total costs for operating the overall complex
under consideration.

The main areas in which ground rules are required
are as follows:

1. Cost of money, taxes

Replacement of investment

Interest during construction

Overseas construction and operations

Working capital

Risk and inflation

. Marketing expense

In addition, it is necessary to establish methods for
performing the economic analyses.

Three general types of economic comparisons are
made in this report: (1) break-even power cost, com-
paring the production cost of an electric-intensive
industrial process with that of a non-electric-inten-
sive process; (2) break-even power cost with the

1A more complete explanation and worked examples are
given in Appendix 3A.
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sales price for industrial complexes; and (3) internal
rate of return.? The break-even power cost compari-
sons are performed by increasing the price of elec-
tricity until the manufacturing cost of the electric-
intensive process equals the manufacturing cost for
the competing process or, in item 2, equals the
sales price of the products. Chapter 5, ‘‘Industrial
Processes,’’ uses the first two methods in com-
paring individual processes and industrial complexes
producing various product mixes, The internal rate
of return is the cost of money at which a particular
project will just break even, that is, the present
value of expenses, including all capital charges,
will just equal the present value of income from sale

‘of products. This parameter is used in the evalua-

tion of the relative merits of nuclear industrial and
nuclear agro-industrial complexes in Chap. 7. This
method is also used to evaluate the three farm sys-
tems as a function of water cost in Chap. 6

and to compare nominal 500, 1000, and 2000
Mw(electrical) industrial complexes as a function
of power cost in Chap. 5.

Ordinarily, power plants and public utilities in
general are evaluated at lower fixed charge rates
than industry. This is primarily because the risk
factor associated with utilities is lower, since the
products they sell have assured markets. However,
in this report, to simplify the economic evaluation
of complexes, the risk factor was assumed to be the
same for all components of a complex. This might
tend to penalize the nuclear power station and water
plant somewhat from the standpoint of their opera-
tion as a public utility. However, in the context of
this report, the power and water plants are con-
sidered to be close-coupled to the industrial plants
and farm and thus factors more in line with those of
industry should probably be considered. The risk
associated with farm production is usually very de-
pendent on climatological conditions. Complete de-
pendence on irrigation for water probably frees the
farm of an agro-industrial complex from the greatest
portion of its uncertainty, namely, rainfall. Under
these conditions it is more reasonable to assume the
same risk factors for industry and agriculture.

The industrial and farm products produced by the
nuclear-powered complexes examined in this report
were intended either to feed people or result in in-
creased food production and in general to improve

2R. J. Reul, Chem. Eng. 9, 212 (1968).
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the economic viability of a nation. With these pur-
poses in mind, primary emphasis was placed on the
production of basic fertilizer chemicals like ammonia
and phosphorus and staple foods such as wheat and
beans. Other basic industrial products considered
were aluminum, caustic, and chlorine. Some high-
value farm products such as cotton, tomatoes, and
oranges were considered; however, the acreages
allotted to their production were severely limited.

3.2 Cost of Money

To cover most situations that one might encounter
in the real world, the cost of money is varied in
this study over a range of 2.5 to 20%. Here, the
cost of money is really a composite of two different
factors: the going interest rate on borrowed money
and the expected return on equity capital, both com-
puted on the basis of a debt/equity ratio.

Another similar term which is used quite generally
in the literature is the ‘‘fixed charge rate.’”” This
rate usually contains allowances for the cost of
borrowed money, stock dividends and bond interest,
depreciation (end-of-life replacement), federal,
state, and local taxes, and insurance. In the con-
text of this report, allowances have been separately
provided for depreciation (in the form of a sinking-
fund allowance) and nuclear liability insurance.
Since taxes on income are a variable item throughout
the world, they were not included in the economic
analyses, and thus all returns are on a pre-tax basis.
In the United States the effect of federal income
taxes on overall complex economics may be esti-

mated by assuming that the after-tax return is 58%
of the pre-tax return on investment,3 where the
latter is defined as sales minus operating costs
(including depreciation).

The tables listing detailed economic analyses of
nuclear-industrial and agro-industrial complexes in
Chap. 7 contain data listed as ‘‘net annual benefits’’
at four costs of money: 2.5, 5, 10, and 20%. These
may be regarded as ‘‘profit,”’ since they are the
funds remaining after all expenses have been paid.
Here expenses include operating costs, sinking-fund
allowance on total plant cost (including interest
charges during construction at the listed cost of
money), and the cost of the total investment (some-
times called return on investment, ROI), all com-
puted at their present values. Thus, to convert the
economic data to a simple return on investment, as
listed in many financial analyses, one may choose
the net annual benefit corresponding to the desired
cost of money and to this add the product of cost of
money as a decimal fraction and total investment in-
cluding interest during construction (usually listed
in footnotes on tables), and then divide by the total
investment. Expenses now include only operating
costs and depreciation in the form of the sinking-
fund allowance.

Specific depreciation allowances are not listed in
the tabulated data for complexes because of the
varying lifetimes assumed for different parts of the
complex. Table 3.1 illustrates the effect of the

3Based upon an analysis of the 1967 financial perform-
ance of 35 chemical and allied industries reported in
Chemical and Engineering News (May 13, 1968).

Table 3.1. Total Fixed Charge Rates for Several Costs of Money and Assumed
Lifetimes of 15 and 30 Years

Sinking Fund Factor?

Cost of Money

Total Fixed Charge Rate

(% /Year) (% /Year)
(% /Year)
15-Year Life 30-Year Life 15-Year Life 30-Year Life
2.5 5.6 2.3 8.1 4.8
5 4.6 1.5 9.6 6.5
10 3.1 0.6 13.1 10.6
20 1.4 0.1 21.4 20.1

aAssuming no salvage value.
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sinking-fund allowance at several costs of money on
the total annual fixed charge rate. The effect of
different plant or equipment lifetime is shown using
assumed lives of 15 and 30 years. The sinking-fund
factor shown in the table assumes a salvage value
of zero. However, in the economic analyses shown
in Chap. 7, some salvage was assumed for most of
the items, as shown in Table 3A.3 of Appendix 3A.
Note that the sinking-fund factor exerts a smaller
effect at the higher cost of money. The reason for
this is that more money is accumulated annually at
the higher interest rate, so that the deposit factor is
decreased.

3.3 Replacement of Investment

Recovery or replacement of investment is a very
broad term which conveys different meanings in dif-
ferent contexts; however, it does not mean that
equipment or a plant will be duplicated at the end of
its life. A broader understanding results if one con-
siders that replacement is synonymous with dis-
placement. Replacement then means that the present
plant or piece of equipment will be displaced by a
more economic one due to the beneficial results of
continuing research and development programs.

3.3.1 Depreciation

In the value sense, depreciation refers to the loss
caused by deterioration and obsolesence. However,
in the accounting sense it refers to writing off
unamortized cost over the useful lifetime of the
equipment. The accountant prorates the cost of an
asset (less any estimated salvage value when dis-
posed of) against each year’s earnings, and his
mathematical model of distribution determines the
effect of depreciation on each year’s profits. The
following is a list of some of the depreciation
formulas in use:*

1. straight line: gives uniform depreciation,

2.

sum-of-the-years digits: rapid depreciation in
early years,

3. double-rate declining balance: rapid deprecia-
tion in early years,
4. sinking fund: rapid depreciation in late years.

4G. A. Taylor, Managerial and Engineering Economy,
D. Van Nostrand Company, Inc., 1964.

All economic analyses in this report were analyzed
using the sinking-fund formula,

1

SFDF = — |, @)
(L+i)" -1
where
SFDF = sinking fund deposit factor,

cost of money as an annual interest rate,
investment lifetime (years).

1
n

Gross manufacturing costs for industrial ‘“building
block’’ processes and industrial complexes (without
a nuclear power source) as reported in Chap. 5 were
computed assuming that the salvage value of the in-
vestment was zero. The economic analyses of the
farm (Chap. 6) and the nuclear industrial and nu-
clear agro-industrial complexes (Chap. 7) were
calculated assuming salvage values as described
in Table 3A.3, Appendix 3A.

3.3.2 Service Life and Interim Replacement

The service life assumed for all industrial plants
was a uniform 15 years. This is conservative for an
aluminum plant; however, for most of the other in-
dustrial processes, it appeats to be quite reason-
able. Other assumed service lives are listed in
Table 3A.3, Appendix 3A.

Interim replacement parts 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 was then com-
puted on this basis, and monies were accumulated
to take care of interim replacement.

3.4 Interest During Construction .

In the economic appraisal of proposals, the
concept of a construction period is arbitrary. All
net receipts can be discounted to the initial year of
construction of the project or to the initial year in
which income is received or to any other year [ Eq.
(5), Appendix 3A]. The date of ““initial operation’’
was chosen, for the purpose of economic appraisal,
to correspond to the initial flow of income and not
the date for startup of operation.

In this study, investment, income, and operating
expenses are all considered end-of-year transactions.
If various transactions are distributed throughout a
year in the same manner (e.g., weekly or monthly),



their sums would be translated to equivalent end-of-
year amounts by a factor which depends only on the
interest rate and the manner in which transactions
are distributed. For such a case, the same factor
multiplies all entries and balances out completely
in the comparison of alternative proposals.

Income for the first year was taken the same as
for subsequent years, except in the special case of
delayed returns associated with specific items.
When a project starts up, there will be delays in the
initial flow of income because of the time required
to produce and market the first set of goods. Pro-
duction facilities that are relatively far from their
markets will probably experience a somewhat
greater delay than others. For the purpose of this
analysis, this delay was not explicitly incorporated
into the construction period, but some allowance
may be assumed to have been included.

Construction periods assumed for economic anal-
yses discussed in this report are listed in Table
3A.3 of Appendix 3A. In general, construction
periods for non-United States locations are as-
sumed to be one year longer than for their counter-
parts in the United States.

A more complete discussion of the computation
of interest during construction is contained in
Appendix 3A; Table 3A.2 in this appendix contains
factors for calculating interest charges for various
construction periods and interest rates.

3.5 Overseas Construction and Operations

The effect of location was considered in rational-
izing costs for this study. Only very limited infor-
mation is available on reactor power station costs
for construction outside the United States, espe-
cially in developing countries; such information as
is available is for systems of rather small capacity
and hence high unit costs. Consequently, estima-
tion of overseas costs had to be based on United
States estimates.

Due to the advanced technologies involved, nu-
clear power stations constructed in developing
countries will probably be based on non-indigenous
design and fabrication of the principal reactor and
turbogenerator components, although much of the
erection and installation as well as many small
components may be provided locally. The heavy
equipment to be imported will cost more in the de-
veloping country than in the United States (or other
supplying country) because of transportation costs.
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However, those items supplied indigenously may
well cost less than in the United States due to lower
labor costs.

To facilitate adaptation of United States cost esti-
mates to overseas applications, a review was made
of the individual cost items in cost estimates for
several power stations, and all costs were separated
into the two categories of ‘‘imported’’ and ‘‘indige-
nous’’ (from the point of view of a developing area)
according to the nature of the item. The basis
selected for deciding a probable source of supply
was the state of industrialization of countries like
India, the Philippines, and Israel. Information from
two sources where comparative costs had been
presented on a similar basis for non-United States
nuclear power stations was also utilized.5—7

The cost assignment studies resulted in the ex-
pected indigenous components of cost ranging from
about 32 to 50% of the total United States estimate.
The Indian survey’ has estimated that for fossil-
fueled stations, the indigenous component for Indian
conditions would be 33% in the 1967—71 period and
50% in 1971-76; the same report estimates that the
indigenous component for nuclear plants (heavy-
water reactors) should be 43% in 1965-71, rising to
58% in 1971-76. Considering the range of values
obtained in this study, the capital costs (not in-
cluding interest during construction) for United
States construction were multiplied by 0.60 to ob-
tain the imported component, which might be sub-
ject to transportation factors and payment in ‘‘hard”’
currencies, and by 0.40 to obtain the indigenous
component, which might require modification to cor-
rect for use of local labor and currency.

In this study the capital costs of nuclear power
stations were estimated by assuming that the cost
of the imported components of the stations would be
1.2 times the United States cost for that portion of
the plant, while the indigenous portion would
(conservatively) cost the same as in the U.S. This
implied that the estimated capital costs for nuclear
power stations to be built outside the United States
would be 12% greater than total costs in the United
States (1.12=0.6 x1.2 + 0.4 x 1).

5 Preinvestment Study on Power, Including Power in
Luzon Republic of the Philippines, General Report,
UNDP and IAEA Publication, chap. VI (November 1965).

SRodolfo C. Sun, Extrapolation of Cost Data from the
Industrialized to Developing Countries, Manila Electric
Company.

7Report of India Energy Survey of India Committee,
Government of India, New Delhi, India (1965).



All industrial and farm cost data for this report
were obtained from United States manufacturers and
vendors. To estimate these costs in non-United
States countries, United States costs were extrapo-
lated by separating the total investment into an im-
ported portion and an indigenous portion. It was as-
sumed that the imported portion would come from the
United States, and thus additional transportation and
handling charges would be incurred. However, it
should be realized that many components might be
available on the world market, probably at lower
prices than comparable United States equipment.
This introduced a factor of conservatism in our
estimates of industrial and farm components. The
indigenous portion of the investment would contain
expenditures for labor and materials that usually
would be less than in the United States. Here
again, a conservative factor was introduced, since
the assumption for this study was that the costs of
indigenous components were the same as United
States costs. Thus, costs for non-United States lo-
cation were computed as the United States capital
investment multiplied by the sum of two products,

P’=P[1204 +1.0(1-4)], 2)

where

P’ = capital investment for non-United States
location,

P = capital investment for United States location,

A = imported fraction of investment.

Various fractions of industrial plants were as-
sumed as imported items, depending upon the prod-
uct manufactured. Table 3.2 contains a listing of
the indigenous fractions assumed. However, for the
farm, a uniform fraction of 0.5 was assumed. This
resulted in an overall 10% increase in the cost of
the farm over its counterpart in the United States.

Other economic factors that must be considered in
the operation of a non-United States complex are the
cost of labor, the price and availability of raw ma-
terials, and the assumed price levels for products.
With regard to industrial labor costs, $4.00 per man-
hour was assumed for the United States, whereas
67¢ /man-hour was used for non-United States loca-
tions. However, the efficiency of non-United States
labor was assumed to be one-third of that of United
States workers, and thus overall labor costs for
industrial processes were one-half of their United
States counterparts.
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Farm labor in the United States is traditionally
paid less than industrial labor. An average wage
paid for farm labor in the United States was as-
sumed to be $1.50 per man-hour, and, maintaining
the ratio of 1/6 (67/400), non-United States farm
wages were assumed to be 25¢ /man-hour. These
wages are quite low by American standards; how-
ever, in India, farm labor is currently paid at the
rate of about 30¢ /day.

Raw material prices depend upon availability and
location with respect to the complex. Raw materials
which are not indigenous are priced higher because
of transportation costs. Table 5.9 contains the raw
material price assumptions used in this study for
United States and non-United States locations.

The level at which product prices are set is
probably the most important single factor in deter-
mining the ultimate economic viability of any enter-
prise. Sales prices for the various products were
fixed for this study after consultation with people
in industry and various literature references. The
prices listed in Tables 5.9 and 6.7 represent the
best estimates of f.o.b. point of origin prices for
the various commodities. Two levels of prices
were chosen in the economic evaluations, an
‘‘export’’ price and an ‘‘import’’ price. Export
prices were generally chosen so as to compete on
the world market, whereas import prices represent
value to a developing country as a replacement for

Table 3.2, Estimated Indigenous Fractions of the

Investment Costs for Industrial Plants

Plant Indigenous Fraction
Ammonia 0.50
Phosphorus 0.50
Aluminum

Extraction 0.80
Smelting 0.60
Fabrication 0.60
Urea 0.27
Nitric acid 0.70
Nitric phosphate 0.70
Chlorine-caustic 0.40°
Caustic concentrator 0.60




an imported product. In general, the import price is
about 30% higher than the export price, and this in-
crease represents transportation and handling costs.

An examination of the effect of concentrated
large-scale production of fertilizer, chemicals, and
metals on the selling prices of these products was
not within the scope of this study. However, the
need for a market survey was recognized as one of
the most important items to consider in future
studies of specific sites.

Table 3.3 illustrates the relative effect of maxi-
mum production of the basic chemicals from a com-
plex on world, United States, and Indian markets.
The effect of large production of ammonia and
phosphorus on United States markets should not be
ignored, especially with the present oversupply of
nitrogen in the United States. With India serving as
an example of an underdeveloped nation, it is
readily evident that the assumed production figures
are quite large; however, the anticipated demands
are much greater than estimates of future production,
and thus these products (especially fertilizer)
should be easily absorbed by the economy. Con-
sidering that the time period envisioned for com-
plexes containing maximum-size plants is at least
ten years in the future, market perturbations in the
United States should be minimal. The effect of this
production on the economy of a developing nation
might be gigantic, possibly resulting in a general
improvement in the living standards of the country.

21

3.6 Working Capital

For all evaluations of gross manufacturing costs
or economic analyses of complexes where the costs
of power, water, and steam were used (Chaps. 5 and
6), working capital was calculated as the value of
60 days’ production at gross manufacturing cost.
For economic analyses of nuclear industrial and nu-
clear agro-industrial complexes where internal costs
were not allocated, working capital was computed
as the value associated with four months’ operating
costs for the entire complex.

3.7 Risk and Inflation

The usual method of incorporating risk allowances
into an economic analysis involves probability esti-
mations for different types of disasters., The proba-
bility of natural disasters usually may be predicted
on the basis of insurance rates; however, losses
related to equipment or other production-oriented
problems are quite specific and must be individually
analyzed. The total cost of any disaster must be
weighed against the annual cost of preventive meas-
ures needed to protect against it and the choice
made on the basis of relative costs. Since very few
investments are completely free of risk, the return
(or interest rate) expected on venture capital is
proportional to the risk involved.

Table 3.3. Maximum Complex Production as Percent of Total Production

Maximum Assumed

Percent of Total Production

Product Production 1967 1975
(tons/year) World U.s. India World U.S. India
x 10

Ammonia 1.07 4.5 20 170 1.7 11 33

Aluminum 0.25 3 6.3 200 2 4 51

Caustic soda 0.78 4 10.3 288 2.4 6.8 130

Chlorine 0.69 4 9.4 278 2.4 6.3 125

Phosphorus? 1.17 7 28 530 4.5 21 138

a
As PZOS.
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In comparing the relative economic benefits of
alternate investment opportunities, the cost of
money may be adjusted to account for any differ-
ences in risk. For example, location in a remote
area may dictate the use of a higher cost of money
since any unforeseen occurrence may be more costly
in terms of lost production because of the time and
difficulty involved if specialists or special parts
are required to be brought in. Since it is a general
study, this report does not attempt to quantify the
various risks which inherently would be present for
enterprises as large as those discussed. However,
studies of specific locations should be cognizant of
these factors in their economic appraisals. )

Obsolescence of equipment and technology repre-
sents one element of risk. As a judgment factor,
the service lives for the components of complexes
discussed in this report were chosen to reflect pos-
sible obsolescence and unforeseen contingencies.
A complete listing of the assumed service lives is
included in Table 3A.3 of Appendix 3A. A specific
allowance for risk is provided for the nuclear reactor
with the inclusion of liability insurance in all
economic analyses as discussed in Chap. 4 and
Appendix 4A.

Inflation may be defined as the uniform increase
with time in real costs and their equivalent in terms
of the goods and services they will buy. If con-
struction costs, operating costs, and income inflate
uniformly and if the costs for alternatives are ex-
ptessed in terms of the purchasing power of today’s
dollar, the effect of inflation on the economic analy-
ses may be ignored. The assumption of uniform
inflation was made for this report, and cost and
price data were based on mid-1967 levels.

3.8 Marketing Expense

No allowances are provided for marketing expenses
in any of the economic analyses discussed in the re-
port, Normally, these expenses are passed on to the
consumer in any case. The consumer, in the context
of this study, is generally assumed to be a second-
ary manufacturing industry, since in most cases the
products of the complex would be further processed
before reaching individual consumers.

3.9 Methods Used for the Economic Analysis of a
Nuclear-Powered Complex

The nuclear industrial complexes considered in
this study consist of the power plant and the in-

dustries which utilize the power produced. Nuclear
agro-industrial complexes include, in addition, a
seawater desalination plant and an irrigated farm.
The most equitable method of evaluation is the tabu-
lation of capital investments, annual operating costs,
and annual income from the sale of products. It
excludes internal transactions such as the

sale and purchase within the complex of electric
power, steam, and desalted water or other by-
products. This avoids the problem of how to
allocate to electric power and to water the cost of

a dual-purpose reactor producing both products.

The accuracy of the analysis depends primarily
on the cost and income estimates. In an attempt to
include all costs, care was taken to include facili-
ties such as a harbor, public utilities, and initial
housing for the workers and their families and for
service-industry personnel. Income was calculated
from the sale of products at estimated prices which
exclude cost of transportation from the complex.?
The exception was for those examples in which
electric power capacity was included not only for
the needs of the complex but also for transmission
and sale to other communities, This power was
priced at its marginal production cost (including
transmission cost), which would usually be con-
siderably less than the cost of power from alternative
smaller-sized local power plants. The possibility
of providing such power is a potential benefit which
depends on the costs and location of alternative
supplies and which can be appraised at the time a
complex is considered for a specific site,

Internal Rate of Return and the Discounted
Overall Return

3.10

Nuclear industrial and nuclear agro-industrial com-
plexes were evaluated and compared by evaluating
their internal rates of return.

The internal rate of return is the equivalent level
average annual earning rate of funds in use and may
be specifically defined as ‘‘the interest rate at
which a sum of money, equal to that invested in the
proposed project, would have to be invested in an
annuity fund in order for that fund to be able to
make payments equal to, and at the same time as,
the receipts from the proposed investment.’’ It is
computed by finding the interest rate at which the

3Transportativ:m costs were included in one comparative
example; see chap. 5.



sum of the present worth of receipts exactly equals
the sum of the present worth of all expenditures.
Solution is by means of an iterative procedure de-
scribed in Appendix 3A. Other names applied to
the internal rate of return include true rate of
return, discounted cash flow, and profitability
index.® The advantage of this method of analysis
is that it avoids stipulating an interest rate.

In choosing between several investment oppor-
tunities, it should be remembered that the alterna-
tive with the greatest rate of return may not have
the greatest overall return, properly defined as the

9R. J. Reul, Chem. Eng. 9, 212 (1968).
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income over the life of the project less all ex-
penses, including investment, discounted to its
present worth through the use of the appropriate
interest rate. The overall return, in millions of
dollars per year, was calculated for various interest
rates and listed as net annual benefits in Chap. 7.
Choice of interest rate depends on the specific
situation. The appropriate choice should assure
that more attractive investment opportunities would
not be precluded because of lack of investment
funds. Numerical evaluations of overall return for
some examples of nuclear-powered complexes are
presented in Chap. 7. A detailed mathematical de-
velopment of the procedure used for calculating the
internal rate of return is given in Appendix 3A.



4. RATIONALE FOR ESTIMATES OF POWER AND WATER COSTS

The principal justifying and motivating factors
leading to this study are the low costs which have
recently been estimated for electricity and desalted
water produced using nuclear reactors now under
construction or development. As evidenced by the
number of reactor plants now in operation, under
construction, or on order in the United States alone
(48,000,000 kw in late 1967),! nuclear power has
become competitive with fossil fuels under many
conditions. Depending on plant size and financing
charges, electricity production costs for nuclear
stations in the range of 2.4 to 4 mills/kwhr have
recently been announced for plants under construc-
tion in 1967.2:3 Further, estimates for larger and
more advanced reactor systems, including the
breeder reactors now being developed, suggest that
power costs may eventually be a factor of about 2
less than the estimated costs from the current
generation of nuclear power plants.* Regarding the
cost of producing desalted water from the oceans,
recent estimates of the effects of developments in
desalting technology now under investigation, when
coupled with advanced reactors, indicate that for
large plants desalted water costs of from 10¢ to
20¢/1000 gal should be attainable in the future.’

Projected energy and desalted water costs of
these magnitudes are lower than previous estimates
and were the basis for the suggestion that this
study should investigate the possible effect of
such reduced costs cn large energy and water
users, such as the electrochemical and metal-
lurgical process industries and irrigation agri-
culture,®—8

Since many conditions — technologic, geo-
graphic, and economic — influence the costs of
producing electricity and desalted water from nu-
clear energy at any given time and place, the ef-
fect of the cost of these two commodities was

! The Nuclear Industry, 1967, USAEC Division of
Industrial Participation (1967).

2Comparison of Coal-Fired and Nuclear Power Plants
for the TVA System, Office of Power, Tennessee Valley
Authority, Chattanooga, Tenn. (June 1966).

3 Nucleonics Week, p. 4 (Jan. 19, 1967).

4J. A. Lane, ‘“Economics of Nuclear Power,’’ Ann.
Rev. Nucl. Sci. 16, 345-78 (1966).

SH. A. Sindt, I. Spiewak, and T. D. Anderson, “Costs
of Power from Nuclear Desalting Plants,’’ Chem. Eng.
Progr. 63(4), 41—45 (1967).
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studied parametrically over reasonable ranges. The
purpose of this section of the report is to present
a consistent rationale for

1. justifying the ranges of power and water costs

considered,

defining those combinations of size, tech-
nology, and economic conditions under which
any of the selected costs might be expected to
be realized, and

estimating capital and operating costs for use
in the economic evaluation of nuclear-powered
agro-industrial complexes.

4.1 Factors Considered in Estimating
Power Costs

The principal factors which affect the cost of
producing steam and electricity from nuclear en-
ergy are:

1. technology — reactor type, type of reactor fuel
cycle, status of system development, and tut-

bine system employed;

size — total energy produced and number of re-
actors per station;

place of construction — cost differentials for
non-United States construction, time of con-
struction and startup, and climate factors;

plant load factor — plant availability, sched-
uled and forced outages, and nature of load;
and

financing — cost of money, amortization time
(plant life), and taxes and insurance.

Some of these factors are briefly discussed below
in terms of how they influenced the assumptions
used in this study.

Two reference time periods representative of two
levels of technology were assumed. These are

6]. M. Holmes and J. W. Ullman, Survey of Process
Applications in a Desalination Complex, ORNL-TM-
1561 (October 1966).

’R. E. Blanco et al., ““Ammonia Costs and Electricity,”’
Chem. Eng. Progr. 63(4), 46—50 (April 1967).

8R. P. Hammond, ‘‘Desalted Water for Agriculture,”?
International Conference on Water for Peace, Washing-
ton, D.C., May 1967.
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referred to as near term (NT) and far term (FT),
which are defined as follows:

Near term refers to a level of technology that
might be expected to be in commercial use in about
ten years (i.e., 1977-78) and assumes the use of
light-water reactors (LWR), either the boiling-water
or pressurized-water type. Considering the time
that follow-on development, design, evaluation,
financing, procurement, and construction would in-
volve before implementing any energy-producing—
energy-consuming complex of the types considered
in this 1967 study, the minimum time to reach full-
scale operation was estimated to be about ten years
(the time for construction of nuclear reactors in the
United States is now five to six years). This per-
mits an additional four to five years beyond 1967
designs (referred to as present term) for reactor de-
velopment work before final reactor design selection
and as much as seven to eight years of additional
development and prototype work on desalting tech-
nology and industrial processes, depending on the
construction times required. Estimates for power
costs in the near term are therefore based on a
survey of the costs for present-term reactors (i.e.,
reactors ordered in 1966 and early 1967 for startup
in about 1971-73) plus an allowance for anticipated
cost reductions due to four or five years of addi-
tional development work and experience.

In view of the present state of development and
commercialization of various reactor types, the
confidence level for estimates of energy costs for
near-term applications based on light-water reactors
was considered to be significantly greater than for
any other reactor type. If and when developed to
commercial level, the high-temperature gas-cooled
and/or the heavy-water concepts may produce
thermal and electrical energy at somewhat lower
costs than the LWR’s., However, the overall pur-
pose of this study was to evaluate the impact of
various energy and water costs on industrial and
agricultural production. Rationales, or models, for
estimating power and desalted water costs were
developed to provide a reasonable basis for the re-
quired industrial and agricultural evaluations and
were not intended to provide a comparison or evalu-
ation of the various estimates and claims that have
been made for different reactor concepts. There-
fore, the required nuclear energy cost rationale for
the near-term cases was derived from the costs for
LWR’s, which are commercially available in large
sizes from a number of manufacturers.

Far term refers to the period approximately 20 to
25 years in the future, when reactor development
programs already receiving significant effort may
result in substantial further reductions in the cost
of energy produced from nuclear fission. Since
breeder reactors give promise of ultimately pro-
ducing nuclear energy at lowest cost, the advanced
breeder concepts now under active development
were selected to provide the basis for the rationale
of costs assumed for the far-term evaluations. The
U.S. Atomic Energy Commission’s program of de-
velopment of breeder reactors is aimed at com-
mercial availability by the middle 1980’s, so that a
time scale of about 20 years after 1967 was chosen
as the basis for evaluation of far-term applications.
This implies about 15 years from 1967 for develop-
ment, prototype testing, and initial commercial
operation prior to final selection of any concept
evaluated in the far-term context of this study.

4.2 Estimated Energy Costs for Light-Water
Reactors

In view of the greater amount of information
available concerning cost projections for LWR’s,
the general model used in this study to rationalize
projected energy costs will be discussed first using
the LWR information. Subsequent sections will then
discuss the quantitative changes introduced in the
projected costs when the advanced breeder reactor
concepts are considered. The rationale of costs
for light-water reactors is based on a survey of
information available during the summer of
1967.2:3.9-12 This cost information was evalu-
ated to identify and adjust for differences in the
bases employed. Where differences in the result-
ing estimates still existed, average values were
taken for use in this study.

Capital and operating costs change with time.
The information presented here is based on con-

9Current Status and Future Technical and Economic
Potential of Light Water Reactors, Jackson Moreland
and S. M. Stoller Associates, USAEC, New York Op-
erations Office, WASH-1082 (December 1967).

10C. C. Burwell, ORNL, personal communication,
July 1967.

llGeneral Electric Company Price Handbook, sect.
8802, p. 10, Aug. 22, 1966.

2p. w. Lockhart, Feasibility Study of Boiling Water
Reactor Nuclear Steam Supply Systems with Capacities
up to 10,000 MWt, GECR-5155 (February 1967).
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ditions in the spring and summer of 1967. The
bases for the cost estimates used in this study are
explained in some detail in this section and in
Appendix 4A, so that the effect of future changes
can be readily identified.

In many respects pressurized- and boiling-water
reactors are very much alike, and thus the individual
components of cost which make up the total costs
of producing steam or electricity from these two re-
actor systems are usually quite similar. Capital
cost breakdowns for several large LWR electricity-
generating stations have been published.?:3:1! In
addition, a number of surveys of capital and gen-
erating costs for nuclear stations have also been
made.*+!3 A 1967 engineering evaluation of the
current status and future technical and economic
potential of light-water reactors® provides a good
summary of the design and costs for pressurized-
and boiling-water reactor systems.

In addition to producing electricity, nuclear
power stations can supply steam for process heat-
ing and seawater desalting purposes. Thertefore,
to facilitate estimating the capital and operating
costs for such multipurpose stations, the power
plants were considered to consist of three inter-
related parts: namely, the nuclear island (N. L.),
the turbogenerator island (T.l.), and the condenser
island (C.I.). The nuclear island includes all
facilities required to produce the prime steam and
thus includes the reactor and its auxiliaries, a
primary cooling system, and heat-exchanger-boilers.
The turbogenerator island includes the facilities
required to produce electricity and extraction steam
from prime steam. The condenser island includes
the facilities required to condense any steam
emerging from the turbogenerator island which is
not sent to process or desalting use.

This chapter briefly discusses the technique
employed in this study for evaluating capital and
total power costs for light water reactors. A sum-
mary of estimated power costs is also presented,
Additional details are given in Appendix 4A.

4.2.1 Capital Costs

The capital investments in complete nuclear elec-
tric (single-purpose) generating stations vary

13F‘ower Supply for New England, 1973—1990 (pre-
liminary), Ebasco Services Incorporated, New York
(February 1967).

widely, 4 but costs for a number of stations of about
1000 Mw(electrical) capacity in 1966 and 1967 fall
in the range of $115 to $155/kw, including charges
for interest during construction but not including
cost of land.3'° A cost of $135/kw + 15% for total
investment (except land, fuel, and transmission
facility) was therefore taken as representative of
present-term capital costs (i.e., for reactors which
might be ordered in early 1967 and reach com-
mercial use in about 1972). The estimates of in-
terest charges during construction (IDC) averaged
8% for United States installations in the sources
used. When these charges are subtracted (so that
the effect of varying IDC could be studied to allow
for differences in the cost of money and time of
construction from place to place), a base capital
cost (not including IDC) of $124/kw(electrical) at
1000 Mw(electrical) capacity results.

The principal factors which were considered to
change this base capital cost are increasing con-
struction experience, technological improvements,
plant size, the number of reactors per station,
length of construction period, and location.

The effect of increasing construction experience
was allowed for using the concept of a ‘‘learning
curve.” The recent evaluation of LWR’s® suggests
using a 90% learning curve; on this basis, costs are
predicted to decrease 10% for each doubling of
production experience. When coupled with pro-
jections for the growth of nuclear generating ca-
pacity in the United States alone, this procedure
suggests possible reductions in the present-term
capital costs of LWR’s of 10% by 1977 (near term)
and another 10% by 1987 (far term). In addition, im-
provements in LWR technology in the areas of pres-
sure vessel, steam generator, and containment offer
a potential saving estimated at $5.50/kw(electrical)?
for the NT time period. Thus the total reduction in
base capital costs assumed for near-term LWR’s
having a net capacity of 1000 Mw(electrical) is
$18/kw(electrical).

The effect of size (‘“‘scale’’) on the capital cost
of the nuclear island can be correlated over limited
ranges in a fashion similar to many other industries
by simple relationships of the type:

Unit cost = base unit cost x (capacity)™" ,

where the scaling factor n varies between 0.30 and
0.44. Cost information from a number of
sources®~11:13 was found to give good agree-
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ment on the magnitude of the scaling factor over
three capacity ranges (see Appendix 4A).

Jackson and Moreland® estimated the costs for
nuclear reactor stations containing from one to four
reactors each for reactors of 400, 600, 800, and
1000 Mw(electrical) capacity. These estimates and
results of analyses made at ORNL !° were used to
estimate the costs of one- and two-reactor stations
(Appendix 4A).

Considering the fact that prices for nuclear power
plants have increased considerably during the period
from mid-1967 to mid-1968, it seemed appropriate to
place in perspective the capital costs used in this
study as compared with recent industry experience.
The total construction costs of a number of nuclear
power plants (including IDC) exclusive of land,
fuel, and transmission facility!* are plotted in
Fig. 4.1 as a function of their net power output.

144ePhe Nuclear Industry, 1967,”’ Nuclear News
11(1), 29—46 (January 1968).

The majority of stations ordered before January
1967, represented as circles in Fig. 4.1, are ex-
pected to be in commercial operation by 1971-72,
Those stations ordered after that date (triangles in
Fig. 4.1) are expected to be in operation by 1973—
74. The solid line indicates the capital costs of
single-station light-water reactors at 10% cost of
money based on the assumptions used in this study.
The shaded area shown in Fig. 4.1 contains 60%
of those orders placed subsequent to January 1,
1967, apparently suggesting that prices have indeed
escalated. However, the starred locations shown in
the figure represent reactors located in the south-
eastern part of the United States, where unit costs
appear to be considerably lower irrespective of the
date of the order. Some possible reasons for the
lower costs in this area may be (1) outdoor con-
struction, (2) lower labor costs, and (3) availability
of good cooling water. Many of the applications of
an agro-industrial complex are intended to be in
coastal desert areas of underdeveloped countries,
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and thus points 1 and 2 would be applicable in their
construction.

In rationalizing costs for this study, the effect of
location was considered. Only very limited infor-
mation is available on reactor power station costs
for construction outside the United States,5+16
especially in developing countries, and this infor-
mation is for systems of rather small capacity and
hence high unit costs. To facilitate adaptation of
United States cost estimates for application to non-
United States locations, a review was made of the
individual cost items in cost estimates for several
power stations, and all costs were separated into
the two categories of ‘‘imported’’ and ‘‘indigenous”’
(from the point of view of a developing area), ac-
cording to the nature of the item. Factors were then
applied to these two categories to reflect differ-
ences in cost between items which would be pur-
chased with ‘“‘hard currency’’ and imported vs those
available locally (see Sect. 3.5).

4.2.2 Operating Costs

The principal operating costs for nuclear gen-
erating stations are fuel cycle costs, operating and
maintenance costs, and insurance costs. In com-
mon with other comparative studies, 5217 fuel
cycle costs here are based on the steady-state
operation of the reactor system (referred to as the
equilibrium fuel cycle); the bases are consistent
with other recent studies.*+5:9:17-18 The annual
costs for operation and maintenance, as well as
nuclear liability and property damage insurance,
were estimated and included. A detailed discus-
sion of the bases and procedures used to estimate
these costs is given in Appendix 4A.

4.2.3 Total Estimated Steam and Electricity Costs
from LWR's

To show the effect of the different variables dis-
cussed above and in Appendix 4A, estimates of the

1sReport of India Energy Survey of India Committee,
Government of India, New Delhi (1955).

16p,e Investment Study on Power Including Nuclear
Power in Luzon Republic of the Philippines, General
Report, UNDP and IAEA Publication, chap. VI (Novem-
ber 1965).

17M. W. Rosenthal et al., A Comparative Evaluation
of Advanced Converters, ORNL-3686 (January 1965).

18Techm'cal and Economic Evaluation of Four Con-
cepts of Large Nuclear Steam Generators with Thermal
Ratings up to 10,000 MW, ORNL-TM-2133, to be pub-
lished.

total cost of producing prime steam and electricity
from LWR’s according to the rationale used in this
study are given in Table 4.1 and Figs. 4.2 and 4.3
for a number of different cases.

The costs shown in Figs. 4.2 and 4.3 are based

on the following factors:
Plant load factor 0.9 (7900 hr/year)

Thermal efficiency for
LWR

34.2% gross, 32.6% net

Number of reactors per 1 and 2

station

Size of single reactors 1500 to 10,000 Mw(thermal)

Cost of money 2.5, 5, 10, and 20%/year

Assumed plant life 30 years

. . a
Time of construction 4 years

The concepts of industrial and agro-industrial
complexes evaluated in this study would impose
large, steady energy loads on the generating sta-
tions. Consequently, the load factor was con-
sidered to be greater than is normally the case for
reactors that deliver their energy to electrical grids
which have appreciable daily and seasonal load
fluctuations.

Table 4.1 presents estimated capital costs and a
breakdown of energy costs into the three main cost
categories for near-term LWR’s of 1100 and 3200
Mw(electrical) capacity and four values of the cost
of money. Total costs for producing steam and
electricity are shown in Fig. 4.2 as a function of
station generating capacity and the cost of money.
For the near-term cases shown in Table 4.1 and
Fig. 4.2, annual fixed charges were calculated
using the general model based on cost of money,
time of construction, and plant life, as discussed in
Chap. 3. To provide a comparison with published
cost estimates for LWR’s now under construction,
costs were also estimated using the costs for
present-term LWR’s and fixed charge rates of 8 and
12%/ year, which represent typical rates used in
1967 by publicly and privately financed utilities in
the United States.

The near-term costs of electricity shown in Table
4.1 and Fig. 4.2 for a cost of money 1 of 10%/year
lie between those estimated using the ‘‘public’’
and ‘‘private’’ financing conventions. Since nu-
clear power stations are capital intensive, varying
the fixed charge rate has an important effect on the
estimated costs for steam and electricity. The

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

Present Term

Near Term

Station size, Mw(thermal) 3400 3400 10,000

Net power, Mw(electrical) 1100 1100 3260

Number of reactors 1 1 2

Cost of money, %/year 2.5 5 10 20 2.5 5 10 20

Fixed charge rate,® %/year 8 12 4.9 6.7 10.7 20.2 4.9 6.7 10.7 20.2

Capital cost,b dollars per kilowatt 135 143 111 115 124 142 97 101 108 124
of net electrical capacity

Energy costs, mills/kwhr
Capital charges 1.25 2.17 0.69 0.97 1.68 3.62 0.61 0.85 1.47 3.17
Operation, maintenance, and 0.26 0.26 0.26 0.26 0.26 0.26 0.20 0.20 0.20 0.20

insurance®’d

Fuel cycle costd 1.50 1.60 1.27 1.34 1.49 1.77 1.18 1.25 1.38 1.65
Total power cost® 3.0 4.0 2.2 2.6 3.4 5.7 2.0 2.3 3.1 5.0

®Fixed charge rates for near-term cases based on the cost of money and a 30-year life.

bInstalled costs including interest charges during construction.

°Including nuclear liability and all-risk property damage insurance.

9See Appendix 4A for details.

®As discussed on pp. 25—27, these costs are somewhat lower than 1968 estimates of nuclear power costs.

estimated decrease in energy costs with increasing
reactor size seems to become less important for re-
actors larger than about 6000 Mw(thermal) — about
twice the size of the largest reactors being built in
1967 — using the assumptions of this report.

Reliability considerations will probably dictate
the use of two or more reactors per station for large
nuclear power stations, especially where it is not
possible to tie in with an electrical grid of sub-
stantial capacity. Hence many of the complexes
evaluated in this study presume the use of two re-
actors per station. Figure 4.3 shows that with
capacities of about 3200 Mw(electrical), the steam
and electricity costs for two-reactor stations are
estimated to be about 5% more than for one-reactor
stations and about 15% more for stations with
capacities of about 1000 Mw(electrical).

Figure 4.3 also presents a comparison of the ef-
fects of varying LWR technology. At a cost of
money of 10%/year, the far-term LWR technology
gives an estimated decrease in energy costs of
about 15% over near-term technology.

The upper three dashed curves in Fig. 4.4 show
the sensitivity of the estimates of electricity costs
to an increase in capital cost and a decrease in

load factor for the LWR near-term case using two
reactors per 10,000 Mw(thermal) station. At a cost
of money of 10%, a 25% increase in initial capital
cost would cause the power cost to increase 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 increase of about 20%.

The overall range of estimated electricity costs
from LWR’s shown in these figures, considering
the different costs of money, levels of technologi-
cal development, and size and number of reactors
per station, is from 2 to 6 mills/kwhr.

4.3 Estimated Energy Costs for Advanced
Breeder Reactors

Estimations of the costs of producing electric
power and steam from advanced breeder reactors
were performed using the same general rules as
discussed for light-water reactors except for
thermal efficiencies, which are listed in Table 7A.1
of Appendix 7A. Two types of advanced breeder
reactor (ABR) concepts were considered — liquid-
metal fast breeder reactors (LMFBR) and molten-
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Fig. 4.2. Prime Steam and Electricity Costs for Near-Term LWR Under United States Conditions.

salt thermal breeder reactors (MSBR). Both of
these concepts are in the early development stage.
Experimental-size reactors have been operated
successfully for both of these concepts; however,
operating prototypes have not yet been constructed.
The development program of the United States
Atomic Energy Commission is aimed at commercial
operation of advanced breeders by the late 1980’s.
Consequently, all cost estimates for such reactors
are much more speculative than those for light-water
reactors. These reactor concepts and the cost esti-
mates which have been projected for them are con-
sidered here to indicate the range of potential re-
ductions in nuclear power costs that may eventually
result if these concepts are carried successfully to
large commercial operations.

4.3.1 Capital Costs of Fast Breeder Reactor Power
Stations

The costs for the large fast breeder reactors are
based on an evaluation of a 10,000 Mw(thermal)

sodium-cooled fast breeder concept performed by
Argonne National Laboratory and Westinghouse
Electric Corporation.!® This report gives the
plant design and fuel cycle cost bases which were
used to obtain estimates for the capital and oper-
ating costs for this type of reactor. A detailed
discussion of these bases and the cost factors??
used in this study is given in Appendix 4A. The
general values used are the same as for the LWR
case except for the thermal efficiency, which was
41.2% gross and 38.8% net.

19K, A. Hub et al., Feasibility Study of Nuclear
Steam Supply System Using 10,000 MW Sodium-Cooled
Breeder Reactor, ANL-7183 (September 1966).

2OT. D. Anderson and M. L. Myers, ORNL, personal
communication (August 1967). (Memo to E. A. Mason,
dated Aug. 28, 1967, ‘“Capital and O & M Cost Data
for Fast Breeder Reactors.’’)
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Fig. 4.3. Prime Steam and Electricity Cost for the LWR.

4.3.2 Estimated Cost of Electricity from Fast
Breeder Reactors

From the data given in Appendix 4A, the cost of
electricity produced by fast breeder reactors was
computed for various costs of money and station
sizes. The results given in Table 4.2 for a 10,000
Mw(thermal) LMFBR show costs ranging from less
than 1 mill/ kwhr to more than 4 mills/kwhr and
corresponding unit capital costs based on 1967
dollars ranging from $99 to $127 per kilowatt of
electrical capacity.

The solid lines in Fig. 4.4 show the sensitivity
of power costs for a 10,000 Mw(thermal) LMFBR
station to changes in the base capital cost at
various costs of money. For a cost of money of
10%, a 25% increase in capital cost results in a
14% increase in electricity cost, from 2.1 to 2.4
mills/kwhr. Decreasing the load factor from 0.9

to 0.8 results in an additional increase of 0.4
mill/kwhr for an overall 33% increase.

4.3.3 Capital Costs of Molten-Salt Breeder Power
Stations

The capital cost estimates for the MSBR are
based on an ORNL design for a 1000 Mw(electrical)
reactor. 2! This reference design uses a four-
module core arrangement. Cost data for larger
plants were obtained by extrapolating the individual
cost accounts of the reference design.?? Detailed
discussions of the bases and costs adopted are

2lp R, Kasten, ‘‘Design and Performance Features
of Molten-Salt Breeder Reactors,’’ Oak Ridge National
Laboratory, paper presented at 1967 ASME Annual
Meeting, Nov. 12-17, 1967.

22'I‘. D. Anderson, ORNL, personal communication,

September 1967. (Memo to E. A. Mason, dated Sept.
18, 1967, ‘“‘Molten Salt Breeder Reactor Cost Data.’?)
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given in Appendix 4A. Fuel cycle costs are also
given in this appendix; the MSBR fuel cycle is
significantly different from those associated with
the solid-fueled reactors discussed previously. In
particular, all fuel processing is done in an on-site
plant, thus resulting in a stronger dependence of
the fuel cycle costs on the reactor size.!®

The thermal efficiency is taken as 47.5% gross
and 45.1% net.
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4.3.4 Estimated Cost of Electricity from Molten-
Salt Breeder Reactors

The cost of electricity produced by molten-salt
breeder reactors was computed for several costs of
money and station sizes. The results for a station
producing the same electric power output as the
LMFBR shown in Table 4.2 are summarized in
Table 4.3.

There is a large difference in fuel inventory be-
tween the two concepts of br eeder reactors (step
6, Appendix 7B). The fuel cycle for the thermal
breeder, having 40 to 50% less capital in fuel in-
ventory (including fuel rpprocessing plant), shows a
lesser dependence on the cost of money. However,
the capital costs assumed for the large thermal breeder
are more speculative than those for the large fast
breeder because they are the result of an extrapo-
lation from a 1000 Mw(electrical) design.

4.4 Influence of Reactor Technology on
Power Cost

The estimated effects of station size and cost of
money on the cost of electricity generated by the
two advanced breeder concepts are shown in Fig,
4.5. For comparison purposes the cost of electric-
ity from light-water reactors based on near- and
far-term technologies is also shown as a function
of size at a cost of money of 10%/year. Note that
at this cost of money the estimated electric power
costs for the two advanced breeder reactors are
about the same and about 24 to 34% lower than
those for near-term light-water reactors but only 14
to 24% lower than those for far-term light-water re-
actors. Thus for large single-reactor nuclear power
stations at a cost of money of 10%, the cost of
electricity appears to decrease from 3 mills/kwhr
for near-term technology to about 2 mills/kwhr
when the advanced breeder reactors become avail-
able. Costs of money in excess of 10% appear to
favor the thermal breeder because of its smaller !
fuel inventory and cheaper capital cost, while
lower costs of money favor the fast breeder be-
cause of its- cheaper fuel cycle, due primarily to
the high breeding gain of plutonium,.

Based on the results of these estimates of en-
ergy costs from light-water and advanced breeder
reactors, a range of 1 to 8 mills/kwhr was used in
the parametric studies of the effect of energy costs
on energy-intensive industrial processes.
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Table 4.2. Estimated Costs of Electricity Production for a Fast Breeder Reactor Power Station

Station size, 10,000 Mw(thermal)
Net power, 3880 Mw(electrical)

Number of reactors 2 2 2 1 2
Cost of money i, %/year 2.5 5 -10 10 20
Capital cost, ? dollars per kilowatt 99 103 110 100 127

of net electrical capacity

Energy costs, mills/kwhr

Capital chargesb 0.62 0.87 1.50 1.34 3.23
Operation, maintenance, and insurance® 0.20 0.20 0.20 0.20 0.21
Fuel cycle —-(0.05" 0.08 0.34 0.34 0.86
Total power cost 0.8 1.1 2.0 1.9 4.3

®Installed costs, including interest during construction.
brotal fixed charge rates of 4.9, 6.7, 10.7, and 20.2%.
®Includes nuclear liability and all-risk property damage insurance.

Table 4.3. Estimated Costs of Electricity Production for a Molten-Salt Breeder Reactor Power Station

Station size, 8630 Mw(thermal)
Net power, 3880 Mw(electrical)

Number of reactors, 4

Cost of money i, %/year 2.5 5 10 20
Capital cost,? dollars per kilowatt of 89 93 100 114

net electrical capacity

Energy costs, mills/kwhr

Capital charges® 0.56 0.78 1.35 2.91

Operation, maintenance, and in- 0.18 0.18 0.18 0.19
surance®

Fuel cycled 0.11 0.17 0.29 0.54

Total power costs 0.9 1.1 1.8 3.6

“Installed cost including interest during construction.
bTotal fixed charge rates of 4.9, 6.7, 10.7, and 20.2%.
®Includes nuclear liability and all-risk property damage insurance.

Yncludes capital charges on fuel reprocessing plant assuming a 20-year plant life.

4.5 Desalted Water Technology and Cost The evaporator design concepts used in this study
Rationale are assumed to be as presented in two ORNL re-
ports. 23,24

Although a number of methods are available for
producmg fresh water from the sea, the r.ne‘thOd 2sconceptual Design Study of a 250 Million Gallons
which currently appears to be most promising for per Day Multistage Flash Distillation Plant, ORNL-
large-scale applications is that based on evapo- 392142 (February 1966). .
ration. The two main types of evaporator design Conceptual Design Study of a 250 Million Gallons

R per Day Vertical Tube Evaporator Desalination Plant,
are multistage flash (MSF) and vertical-tube (VTE). = ORNL-4260 (August 1968).
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4.5.1 Multistage Flash Evaporator

The multistage flash evaporator concept is shown
schematically in Fig. 4.6. Seawater is first heated
under sufficient pressure to prevent boiling and is
then sent to the first stage of a multistage evapo-
rator. Here the pressure is dropped slightly until
boiling begins. A small portion of the water is
vaporized (flashed), and the vapor, free of the dis-
solved salts, flows to a heat exchanger and is con-
densed by the incoming seawater, which in turn be-
comes heated. Both the fresh distilled water stream
and the more concentrated and somewhat cooler salt
water flow separately through restrictions (de-
creasing the pressure slightly) to the second stage.
Here, both streams begin boiling, with a small frac-
tion of each stream changing to vapor, which is
again condensed by the cooler incoming seawater
stream.

This process is repeated in many (~50) subse-
quent stages, where the pressure and temperature
are gradually lowered until an economical approach
to the inlet seawater temperature is reached. This
evaporator arrangement provides for the efficient
use of the initial heat source in that the quantity
of water distilled may exceed by about 12 times
the amount corresponding to the heat supplied. The
amount of this regeneration, or heat reuse, is opti-
mized by a balance between the cost of additional
heat transfer surface and the cost of the heat saved.
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A characteristic of the MSF design is that a large
recycle flow of the brine is generally required to
reduce the amount of seawater to be chemically
treated, since the fraction of fresh water boiled off
per pass through the evaporator is relatively small.
In addition to the added pumping power required,
the recycle flow causes a higher solids concentra-
tion (relative to a once-through system) in the brine
which is in contact with the heating surface, so
that careful attention must be given to the seawater
chemical treatment method required to prevent scale
formation.

The MSF design is currently in use in many parts
of the world, including Cuba and Kuwait, and in the
recent 2.5-Mgd (million gallons per day) plant at Key
West, Florida. Current plans also call for its use
in the 150-Mgd Metropolitan Water District plant at
Los Angeles. This plant would make use of three
evaporator trains of 50 Mgd each, with the first
train scheduled for completion in the 1970’s.

The primary extrapolation of MSF evaporator tech-
nology required for application in this study would
be essentially one of size, since the maximum train

STEAM 267°F
FROM T.G. VERTICAL TUBE

size considered is 250 Mgd. The MSF evaporator
technology has been adopted for the near-term ap-
plication in this study, since it is felt that size
extrapolations of this magnitude will be feasible by
the late 1970’s.

4.5.2 Vertical Tube Evaporator

The VTE design considered in this study?* is
based on a recently developed heat transfer sur-
face, the double-fluted tube. This surface exhibits
an improvement in overall heat transfer by a factor
of 2 to 3 compared with smooth tubes. In this de-
sign, shown schematically in Fig. 4.7, about 75%
of the input heat (steam from a nuclear power plant)
is directed to the first vertical-tube effect. This
steam condenses on the outside surface of the
tubes, and the heat so given up causes the sea-
water flowing down the inside of the tubes to boil.
This vapor then passes out of the tubes, through an
entrainment separator, and is used as the heat
source for the second vertical-tube effect, which is
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at a lower pressure, so that the brine in this effect
boils at the slightly lower temperature. The re-
ject brine from each effect separates from the vapor
and is returned to an appropriate stage of the MSF
preheater section, described below. This process
is repeated in 15 subsequent effects until a reason-
able approach to the inlet seawater temperature is
reached.

The remaining 25% of the input heat (steam from
the reactor power plant) is used to provide the final
stage of seawater preheating., The initial seawater
preheating is carried out in an MSF evaporator inte-
grally connected to, and operated in parallel with,
the VTE., This MSF section produces about 20% of
the product water.

The VTE design makes possible a once-through
seawater flow circuit, thus eliminating brine re-
cycling. This reduces the problem of scale forma-
tion and thus allows a higher maximum brine tem-
perature and brine effluent concentration, as well as
giving a lower pumping requirement (about one-half)
than for the MSF design.

Vertical-tube evaporators using smooth tubes have
been in operation for many years in the salt, paper,
and chemical industries; the 1-Mgd seawater distil-
lation plant built by the Office of Saline Water at
Freeport, Texas, began operation in 1961. The
particular combination of vertical-tube multieffect
evaporators with fluted tubes and an MSF preheater
as described is a relatively new concept, and the
combination has not been demonstrated to date.
Although the current experimental program, together
with detailed design analyses, is quite encouraging,
the concept has only been applied in the long-term
applications of this study.

4.5.3 Auxiliary Facilities

Both types of evaporator plants require auxiliary
facilities including (1) seawater intake and return,
(2) seawater chemical treatment plant for scale con-
trol, (3) deaerator, and (4) product water treatment.
The design concepts are assumed to be as presented
in refs. 23 and 24. In addition to these facilities,
evaporator brine and seawater pumping equipment is
required. The amount of pumping power associated
with the two evaporator concepts is given in Table
7A.1, Appendix 7A.

4.5.4 Design and Cost Parameters

The main variables which influence the evaporator
design and cost and the values selected for the nu-
merical comparisons in this study are as follows:

1. performance ratio, PR (pounds of water evapo-
rated per 1000 Btu of input heat)—12 (reference
value only; optimum value varies depending on
other parameters);

2. maximum brine temperature — 250°F for MSF and
260°F for VTE;

3. seawater chemical treatment method — sulfuric
acid or caustic/HCI,;

4. brine effluent concentration ratio — 2.0 for MSF
and 2.5 for VTE;

seawater temperature — 65°F;
train size — 50 to 250 Mgd; number — 2 to 5.

These parameters are discussed in Appendix 4A.
Also given in the appendix are the major cost
factors used, including evaporator capital costs,
operation and maintenance costs, indirect capital
charge factor, and interest during construction.

4.6 Designs of Dual-Purpose Plants and
Resultant Water and Power Costs

With the commercially developed water-cooled
nuclear reactors which provide steam at much higher
temperatures (500—550°F) than can be utilized ef-
fectively in seawater evaporator plants, it is ad-
vantageous to first partially expand the steam
through a turbine-generator (TG) unit for power
production and then utilize the lower-temperature
exhaust steam in the evaporator. This coupling
gives lower costs for both power and water than
would be obtained from separate plants for the
production of either product. Although there are
single-purpose water-only reactor concepts being
developed which show promise of producing fresh
water as cheaply as dual-purpose plants, 2526

25R. P. Hammond et al., High Gain Breeders for De-
salting or Power Using Unclad Metal Fuels, ORNL-
4202, to be published.

26T, D. Anderson et al., “‘A Metallic Uranium Fueled
PWR for Single-Purpose Desalting,’’ ANS/CNA Trans.
11(1), 355 (1968); presented at the Annual Meeting,
Toronto, Canada, June 10-13, 1968.
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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, it would not
usually be necessary to determine the actual unit
costs for producing each of the two products, water
and power. Arriving at such costs would involve an
arbitrary allocation procedure for determining, for
example, what fraction of the nuclear reactor capital
and operating costs should be assigned to the water
produced. Although this would be done for plants
which sell these products, it was not required for
this application, where the water and power are con-
sumed within the complex.

To aid in the planning and design of a complex, it
would be desirable to know the incremental costs
for increasing (from some base) the quantity of water
and power produced. Such information may be ob-
tained by determining the total cost for building and
operating dual-purpose plants of various sizes and
relative amounts of water and power produced. In
general, as the plant size becomes very large, the
incremental unit cost approaches the average unit
cost; and if the two products were sold at their in-
cremental costs, the total production cost would be
very nearly recovered. For the size of plants con-
sidered in this study the incremental costs for water

ORNL-DWG 68-100RA

T T 1 [ |
----BACK-PRESSURE REGION .
300 |= () PERFORMANCE RATIO "l/‘”/ 7.8)
250 Mgd / ] 20
= 10004 Aan
o ¥ L~
= 200 —T{10)
(2]
3 1.4) P
o P—
] 500 =1 (9:4)
§ 150 / J ,//10 1’
£ 1000_L—" £(9.4)
j o /4i/ ,4/ i
1 "
P (ol W L
5 100 | (o5 (13.3) 2] _ 500 /LA w7
[ . | — 2.5 '
e ol it
LBl T 200 1
50 [(13.3)— (16)_U3)_| —
—
L (16)—(13)
oL
0 1000 2000 3000 4000 5000 6000

NET SALABLE POWER (Mw,)

Fig. 4.9. Annual Cost of Operation for Dual-Purpose
Plants Using an MSF Evaporator and a Light-Water
Reactor.

ORNL-DWG 68-111A

300 | l |
--- BACK-PRESSURE REGION
( ) PERFORMANCE RATIO
250
i %) _4(9.9)
v rd
1)
2 200 Mgd ” // 20—g o
% 1000 .-~ T /
8 /(11) /
g‘ 150 ——(12.8 e
z 500
=4
<<
2 100 (9.4)
5 126100 1000 L. 10_Hi0.6)
= ’ Iy (1)) /§/
(12.7)
,‘%/
50 =]
(2.8 1) 1000 10 _.__] 1 Ten
(10.7) . T (6.9)
1.3 =75 ~"[500 2.5
0
0 1000 2000 3000 4000 5000 6000
POWER (Mwe)

Fig. 4.10. Annual Cost of Operation for Dual-Purpose
VTE-FBR.

and power are representative of their actual costs,
These costs were developed for the two levels of
technology: (1) near term?® (~1977): light-water
reactors (either pressurized water or boiling water)
coupled with an MSF evaporator plant; and (2) far
term (~1987): fast breeder reactor coupled with the
VTE evaporator plant.

The incremental costs may be computed from Figs.
4.9 and 4.10, which show for these two technologies
the variation in total annual costs as a function of
electricity and water production rates. The total
annual costs include capital charges for return on in-
vestment, recovery of investment, and interest during
construction, as well as the actual operating costs.
The values for the amount of power shown on the
horizontal axis represent power which is available
for use outside of the plants; that is, power required
within the water and power plants has been deducted.
The incremental costs for power may be computed
from the slopes of the lines shown in these figures
and are given in Table 4.4. The corresponding
numbers for the back-pressure region are omitted
from the table, but they should be between the
values for the other two regions. As indicated in
this table, the range of incremental cost for power

29The long construction period for a dual-purpose
plant ("5 years) requires that a commitment be made
by about 1972 for startup in 1977.
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Table 4.4, Incremental Costs (mills/kwhr) for Power
Cost

of Bypass Region Condensing Region
Money ySF.LWR VTE-FBR MSF-LWR VTE-FBR

(%)

2.5 0.8 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 to 3.8 mills/kwhr. Although incremental
water costs may be computed from these data for
the bypass and condensing regions, it is of more
interest to obtain a cost range for water in the
back-pressure region as described below.

An approximate method for illustrating the range
for the absolute cost of water as a function of tech-
nology and interest rate, two of the most important
parameters, is shown in Fig. 4.11. An upper limit is
obtained from the costs (capital and operating) of a
single-purpose water-only plant using bypass throt-
tling of the prime steam. Only sufficient electricity
is generated to provide for the requirements of the
evaporator and reactor plants. A lower limit may be
obtained from the difference in total costs between a
dual-purpose plant operating at the back-pressure
point and a power-only plant producing the same
amount of excess electricity as the dual-purpose
plant.3% The lower limit thus attributes all the
mutual benefits of dual-purpose plants to the water
production. While this technique indicates a maxi-
mum range of water costs of about 8¢ or 9¢/1000
gal, the usual allocated costs from a dual-purpose
plant3! would be expected to be only 1¢ or 2¢/1000
gal above the lower limit line.32 Thus the range for
the cost of water from 1000-Mgd plants, which would

304 simplifying assumption inherent in this illustra-
tion is that the evaporator performance ratio is fixed
at 12; however, this was shown to be near the optimum
value and has relatively little effect on the cost of
water.

31c. c. Burwell and R. P. Hammond, A Cost Alloca-
tion Procedure for Dual-Purpose Power-Desalting Plants,
ORNL-TM-1615; remarks prepared for the IAEA Panel on
Costing Procedures for Nuclear Desalination, Vienna,
Austria, Apr. 18—22, 1966.

3210 practice it is doubtful if a water-only plant would
be operated on bypass steam, since other plant concepts
(e.g., vapor compression) would give lower water cost.

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

Similar computations have been made for smaller-
size plants to illustrate the effect of size scaling on
the cost of water. At least down to 250-Mgd plants,
the cost of water is not appreciably changed; at this
size for the LWR-MSF dual-purpose plant the cost of
water would increase by about 3.5¢/1000 gal (~15%)
over the cost from a 1000-Mgd plant.

4.7 Method Adopted in Evaluation of Nuclear-
Powered Complexes

Several simplifying approximations were adopted
for use in the economic analyses of agro-industrial
complexes based on dual-purpose nuclear power
plants. These were that (1) one value, 12, would be
used for the evaporator performance ratio and (2)
operation would normally be at the back-pressure
point; that is, all of the steam available from the
back-pressure turbine would be utilized in the evapo-
rator. It should be noted that a back-pressure region
only exists if PR is optimized for each power level —
for constant PR and a given water production rate
the back-pressure condition is satisfied at only one
power generation rate.

The optimum performance ratios shown in Figs.

4.9 and 4.10 indicate only a relatively small vari-
ation for the two technologies and the range of costs
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of money considered. A value of 12 was therefore
selected for use in determining the cost of evapo-
rators and the relative amounts of water and power
produced. Since operation at the back-pressure
point should give the lowest incremental costs of
power and water, this operating mode was adopted
generally throughout this study. Table 4.5 summa-
rizes the parameters of dual-purpose plants for the
various technologies considered and for operation at
the back-pressure conditions.

Due to the time limitations of this study, it was
not possible to arrive at an optimum plant size or an
optimum water-to-power production ratio for any given
complex considered because this involves a balance
between incremental costs and incremental returns.
The incremental return will depend on the use of the
water and the power, that is, the value given to these
products. In the concept of the agro-industrial com-
plex, water and power are ‘‘intermediate products,’’
and their use is well defined. The value of the water
and power therefore depends on the value of the final
agricultural and industrial products. Tentative values
(sales prices) were assigned to these products, as
discussed in Chaps. 5 and 6. No effort was made to
determine a demand curve (price vs volume of sales)
for each of the products, since such an investigation
would require a detailed marketing study for the in-
dividual sites. Estimates of variation in returns

(which depend on price) with output volume were left
as a ‘‘missing link’’ in the generalized study but
would certainly be an integral part of a detailed
feasibility study.

The agro-industrial complex embodies, in part, a
source-sink relationship; that is, the primary products
will be consumed within the complex — water to a
farm and/or to a city, and electricity to industry
and/or a grid. As indicated in Table 4.5, however,
size in itself can create some problems; for example,
the MSBR operating in the back-pressure mode to
produce 1000 Mgd of desalted water also produces
about 4600 Mw of electricity, which would be diffi-
cult to consume in a developing country or, for a
decade to come, in the United States. In this case
it might be necessary to operate the evaporator
partly with bypass steam.

In summary, estimates of incremental costs for
water and power represent a basic step toward
rational design of the size and character of the in-
dividual activities making up the complex and hence
for the rational design of the complex as a whole,
Once a design is formulated, its economic appraisal
requires analysis of total rather than incremental
values. This was carried out in the appraisal of in-
dustrial, agricultural, nuclear-industrial, and nuclear
agro-industrial complexes, and the numerical results
are included in Chap. 7.

Table 4.5. Dual-Purpose Plants Producing 1000 Mgd of Desalted Water

Steam Temperature (°F) Turbine Cycle Electrical Power Auxiliary Power Salable
Technology T - Efficiency to Evaporator for Reactor and Power
o Turbine To Evaporator (%) (Mwe)® TG (Mwe) (Mwe)
LWR-MSF 540 260 21.4 345 142 1820
FBR-VTE 900 270 26.8 142 240 2724
MSBR-VTE 1000 270 37.4 142 286 4640
Required
Technology Reactor Ratio of Water
Power to Power, Mgd/
[Mw(thermal)] Mw(electrical)
LWR-MSF 10,780 0.55
FBR-VTE 11,590 0.37
MSBR-VTE 13,550 0.22

®Evaporator performance ratio constant and equal to 12.



5. INDUSTRIAL PROCESSES

5.1 Introduction

Electricity, steam, and water are basic to
nearly all chemical manufacturing processes;
therefore the opportunity to obtain these utilities
at low cost should create exciting prospects for
reducing the costs of manufacturing processes
which make intensive use of them. The purpose
of the industrial process study has been to de-
termine which processes of interest are economi-
cally attractive with low-cost nuclear power and
steam, and with low-cost water when the nuclear
power plant has associated with it a desalination
evaporator plant. A secondary aspect of the study
has been to determine whether additional savings
can be achieved by building and operating several
different chemical and manufacturing plants at
a single site where common-use facilities can be
shared and intermediate or waste products from
one process used by other processes.

5.2 Criteria for Process Selection

The criteria on which processes were selected
for detailed study were based primarily on eco-
nomic factors; however, much consideration was
also given to the product needs and export poten-
tials of developing nations.

o The first preference was given to processes in
which a large fraction of the product cost is
attributable to the cost of electrical power,
steam, and/or water.

® Production of nitrogen and phosphorus fertil-
izers was also given high priority because of
present and growing world food needs, particu-
larly in the less industrially developed coun-
tries. Potassium fertilizers were also con-
sidered, but not as extensively as the other
types.

® Similarly, the need for building materials such
as iron and steel, aluminum, cement, and pos-
sibly plastics in developing nations and the
need for basic chemicals such as caustic-
chlorine and acetylene, which would be used
by secondary industries throughout the country,
were also considered.

® Products which can be produced from seawater
were given special attention. In warm arid
coastal regions, solar evaporation would prob-
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ably be the main method used to further con-
centrate the brine from desalination-evaporator
effluent, which is at least twice as concen-
trated as seawater. The main economic ad-
vantage here would be a significant saving in
solar ponding costs over a similar operation
that started with seawater. In the latter stages
of bitterns evaporation, it might be more eco-
nomic to use steam.

e Finally, the chemical needs of the desalting
plant were considered, especially in connec-
tion with treating the seawater to prevent
scaling of the evaporator heat transfer surfaces.
Such treatment will be referred to throughout
the report merely as seawater treatment.

5.3 Process Selections and Descriptions

Based on the above criteria the production
costs for 17 chemical products were evaluated
with the use of a digital computer. The first four
production processes, those for making electro-
lytic hydrogen, electric furnace phosphorus,
aluminum, and chlorine-caustic, are highly energy
(electricity) intensive. The remaining 13 products
either involve the production of the above products
by alternative methods selected for economic com-
parison purposes or are secondary products; these
are hydrogen from steam-naphtha reforming, ! nitro-
gen by air liquefaction, ammonia, nitric acid,
ammonium nitrate, urea, nitric phosphate, sulfuric
acid, phosphoric acid by the acidulation of phos-
phate rock with sulfuric acid, alumina, salt, 50%
caustic, and hydrochloric acid. A number of other
products and processes were also studied, al-
though less quantitatively and intensively. In-
cluded in this group are iron, steel, cement, mag-
nesium, bromine, potassium chemicals, acetylene,
and sulfuric acid from sources other than elemental
sulfur.

In order to obtain a measure of the economic
attractiveness of the processes being investigated
for the different products, costs for highly energy-
intensive processes were compared when possible
with the costs for conventional nonelectrolytic
methods, if available, of producing each product.

!This method is more prevalent in non-U.S. locations,
whereas steam-methane reforming is the process of
choice in the U.S. The two reforming methods are com-~
pared in sect. 5.5.1.



These cost comparisons were done in detail, in-
cluding parametric studies to indicate the most
advantageous ways of reducing product costs. In
other cases, where a competing process was not
available, a geographic comparison was made on
the basis of production in an area with cheap
power but distant from the raw materials vs a
location near the raw material source. An ex-
ample of the application of the first evaluation
method is the economic comparison of ammonia
production using hydrogen from water electrolysis
vs the conventional non-United States method of
producing ammonia with hydrogen from steam-
naphtha reforming. Another example is the produc-
tion of phosphoric acid from elemental phosphorus
produced in an electric furnace vs phosphoric acid
production by the acidulation of phosphate rock
with sulfuric acid. An example of the latter com-
parison is the production of aluminum from im-
ported alumina with power at 2 mills/kwhr, such
as is available in the northwest United States, vs
production of both alumina and aluminum with
power from an energy center located near a bauxite
source.

5.3.1 Fertilizer Production

Detailed studies were made on the production of
both fertilizer intermediates and a variety of con-
ventional fertilizers. The fertilizer intermediates
considered were hydrogen, from either the elec-
trolysis of water or steam-naphtha reforming,? and
nitrogen by air liquefaction, both for use in am-
monia synthesis; nitric acid from the catalytic
oxidation of ammonia; contact process sulfuric
acid; electric furnace phosphorus by the reduction
of phosphate rock with coke; and phosphoric acid
from either the oxidation and hydrolysis of ele-
mental phosphorus or the acidulation of phosphate
rock with sulfuric acid. The conventional fertil-
izers studied include ammonia, ammonium nitrate
obtained by the neutralization of nitric acid with
ammonia, urea synthesized from ammonia and car-
bon dioxide, and nitric phosphate derived from the
acidulation of phosphate rock with nitric acid.
The production scheme for the above chemicals
and fertilizers is shown in Fig. 5.1. The produc-

2Natural gas (methane) is the primary source in the
U.S.; heavy stock from oil refineries and coal are being
considered in India.
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tion of potassium chemicals and fertilizers is dis-
cussed in Section 5.3.3.

Hydrogen and Ammonia. — Ammonia is produced
by the compression of a 3 to 1 mole ratio of hy-
drogen and nitrogen to about 2000 to 4000 psi, with
the conversion occurring over a mixed-oxide cata-
lyst. As noted above, several sources of hydro-
gen were considered. The base case involves the
production of hydrogen (and oxygen) by the elec-
trolysis of water in an advanced electrolytic cell
developed on a laboratory scale by the Allis-
Chalmers Company. The competitive process con-
sidered was the production of hydrogen by the
widely used steam-naphtha reforming process. The
use of naphtha, rather than methane, as a source
of hydrogen in non-United States locations was
considered because it is currently in excess in
some developing countries or can be imported more
economically than natural gas. An appreciable
amount of hydrogen is produced in the electrolytic
production of caustic and chlorine from brine;
therefore, when this process was included in the
industrial complex, this hydrogen was also as-
sumed to be used in ammonia production, thereby
reducing the water electrolysis requirements. In
the case where HCI is used for seawater treat-
ment, however, this source of hydrogen is not
available. Other hydrogen sources considered
were use of an advanced De Nora water electroly-
sis cell and use of an advanced high-temperature
gas-phase electrolytic cell being developed by
the General Electric Company. Partial oxidation
of naphtha (or natural gas), shift reaction of
steam and by-product carbon monoxide (from the
electric furnace phosphorus process) to hydrogen
and carbon dioxide, and production by the simul-
taneous oxidation and hydrolysis of phosphorus
with steam were recognized as alternative hydro-
gen sources but were not studied.

Because of the emphasis in this report on the
use of energy-intensive processes, particularly
for water electrolysis to produce hydrogen (and
oxygen), the principles of operation of the ad-
vanced De Nora and the experimental Allis-
Chalmers and General Electric cells are briefly
described below. It should be noted that none
of these three cells is presently in commercial
use and that present-day technology is limited to
cells operating in the range of 100 to 200 amp/ft 2
and using power of 125 to 145 kwhr per thousand
standard cubic feet of hydrogen (™~ 9000 kwhr per
ton of ammonia).
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Fig. 5.1. Schematic Flowsheet for Production of Nitrogen and Phosphatic Fertilizer Intermediates and Finished

Fertilizers.

The generation of hydrogen by water electrolysis
is a relatively old process. However, recent con-
centrated research in the field of fuel cells has
resulted in rapid strides in this area, and the re-
sulting “‘spinoff’’ from this research has enhanced
the economic position of hydrogen production by
water electrolysis, which is the reverse of the
fuel cell reaction. Our studies have incorporated
three levels of technology in the field: an exten-
sion of present-day technology as represented by
the De Nora cell, near-term technology repre-
sented by the Allis-Chalmers cell, and far-term
technology represented by the General Electric
high-temperature vapor-phase cell. Schematic
diagrams of these three types of cells are shown
in Figs. 5.2 to 5.4.

The De Nora cell (Fig. 5.2) operates at current
densities up to 300 amp/ft? and at a temperature

of 90°C. The products are generated at atmos-
pheric pressure. This cell is restricted to lower
current densities because formation and dis-
engagement of product gas bubbles in the path of
the current between the electrodes increases the
internal resistance losses of the cell. The voids
created by gas bubbles decrease the conductivity
of the electrolyte. The manufacturer reports that
he is ready to market this type of cell at the
present time; however, none are presently in in-
dustrial use.

The Allis-Chalmers cell (Fig. 5.3) consists of
two porous nickel electrodes separated by a thin
asbestos membrane. The main advantage of this
cell over the De Nora cell is the release of product
gases from the back sides of the electrodes. In-
ternal resistance losses are minimized, since the
path of current through the electrolyte is not



filled with voids. This permits operation at much
higher current densities; 4000 amp/ft? has been
achieved in laboratory studies. Cost optimization

studies have indicated that 800 amp/ft? represents

the most economic operating condition; this value
is generally used throughout this study. The pro-
jected operating temperature of the cell is 120°C
and the product gases are generated at 300 psi.
The cell has been operated in modules containing
up to ten bipolar cells at a current density of
400 amp/ft? and temperatures up to 90°C. It re-
quires further engineering development to verify
the behavior of construction materials and to
study the dynamics of full-size cell operation
under the proposed operating conditions.

The General Electric vapor-phase electrolysis
cell shown in Fig. 5.4 is a relatively new con-
cept in water electrolysis. The cell is basically

HYDROGEN HEADER
/

SEPARATOR / /

ELECTR
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a solid-electrolyte cell which depends on the
diffusion of oxygen ions through the solid elec-
trolyte from the cathode to the anode at high tem-
peratures — 1000 to 1100°C. Its main advantage
is the lower reversible voltage (emf) required for
electrolysis at these high temperatures. The
solid electrolyte has a zirconia base and is doped
with other oxides, such as yttria or ytterbia, which
are conducting at high temperatures. The pre-
ferred composition at present is 8 to 10 mole %
(13 to 14 wt %) yttrium oxide (Y,0,) in zirconium
oxide (Zr0,), although future cells may substi-
tute ytterbium oxide (Yb203) for the Y,0, be-
cause of improved conductivity. However, the
Yb,O0, will probably be a more expensive raw
material.

For electrodes the cell uses a nickel coating on
the solid electrolyte as a cathode and a proprie-
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tary oxide coating as the anode. Reducing con-
ditions must be maintained at all times on the
cathode to prevent oxidation of the nickel coating.
Therefore, in the electrolysis of HZO, a small
amount of hydrogen is introduced into the steam
feed to maintain a reducing atmosphere. This re-
quires that a small fraction (2%) of the cell product
be recycled to the cell inlet, where it is mixed
with the steam.

In operation, steam containing a small amount of
recycle hydrogen (H,0/H, = 0.98/0.02) is fed to
the centar tube at 100 to 500°C. It is heated by
the gases flowing outside the center tube to some-
where near the operating temperature of 1000 to
1100°C. The steam flows into the outer tube,
where it is electrolyzed, and leaves the tube as a

mixture of hydrogen and steam (H,/H,0 = 0.98/0.02).

The steam must then be condensed and a small
fraction of the hydrogen recycled to the feed.

The cell is in the very early stages of develop-
ment, and only single cells have been operated in
the laboratory. It has been operated at current

densities up to 3500 amp/ft? and temperatures up
to 1100°C. At this early stage, costs are highly
speculative. Much laboratory research and de-
velopment work is needed on the incorporation of
individual cells into a modular design.

The primary nitrogen source for the production
of ammonia using electrolytic hydrogen was air
liquefaction and rectification, which also produces
oxygen (partially or fully enriched) as a by-product.
When hydrogen from steam-naphtha reforming was
used, the nitrogen was obtained from the air added
during the secondary reformer operations by clean-
ing up the reformer off-gases. When nitric acid
is manufactured in the complex by burning ammonia
in air, an alternative source of nitrogen is the
nitric acid plant tail gas. The total nitrogen re-
quirement for ammonia synthesis can be met by
conversion of less than 10% of the produced am-
monia to nitric acid. This alternative results in
reduced capital costs of an ammonia plant using
electrolytic hydrogen.

Ammonia-Based Fertilizers. — The ammonia
produced can be sold directly or converted to
secondary products in the complex. If the final
fertilizers are to be used at an appreciable dis-
tance from the complex, transportation cost savings
can be achieved by shipping the ammonia to out-
lying conversion plants, since ammonia contains
82% N.3 The nitrogenous secondary products
considered in this study were nitric acid, ammoni-
um nitrate, and urea. Nitric acid is produced by
oxidation of ammonia over a platinum catalyst
followed by absorption of the nitrogen oxides in
water. Ammonium nitrate is then produced by
reacting the nitric acid with an equimolar amount
of additional ammonia. Urea is manufactured by
reacting ammonia and carbon dioxide under a
pressure of about 3500 psig to produce ammonium
carbamate, which is dehydrated to produce urea,
(NH,),CO. The ammonium nitrate and urea are
both produced, initially, as aqueous solutions,
which are then evaporated, prilled, mixed with a
small amount of inert material, and distributed as
bulk or bagged solid fertilizers.

The carbon dioxide for urea synthesis can be
obtained from seawater treatment with sulfuric or
hydrochloric acid or by the calcination of lime-
stone, seashells, or the calcium carbonate pre-

3Plans for transporting ammonia by pipeline in the
central U.S. are now being implemented.
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cipitated from seawater with caustic soda. Other
sources include the aluminum smelting plant off-
gases, which contain 70% C02, the shift conver-
sion of steam and carbon monoxide (from the elec-
tric furnace phosphorus off-gases) to hydrogen and
carbon dioxide, and the combustion of any car-
bonaceous material.

Phosphorus and Phosphatic Fertilizers. — Three
methods for processing phosphate rock to produce
fertilizers or fertilizer raw materials were studied.
The first was the production of elemental phos-
phorus in an electric furnace. In this process the
phosphate rock used may range from 23 to 25%
P,0,. When the ore must be transported some
distance, grades of 30 to 35% P ,0 are used. The
ore is agglomerated by compaction, briquetting, or
pelletizing and is then calcined or sintered.

Silica for fluxing high-grade ore is supplied as
sized silica gravel or rock from local sources.
When the plant is located at the mine, siliceous
phosphate matrix or tailing may be used by ag-
glomerating it with the ore. The fuel for the kiln

is supplied by using a portion of the carbon
monoxide off-gas from the electric furnace. Next
the agglomerated, calcined rock is mixed with dry
coke and lump silica rock and is fed continuously
to an electric furnace which is powered with
1000-v ac and uses baked carbon electrodes. In
the furnace the phosphorus in the phosphate rock
is reduced to elemental phosphorus, which is
volatile at the furnace temperature. It then
passes overhead with the carbon monoxide off-
gas, from which it is condensed to liquid phos-
phorus in a spray condenser. Large amounts

(> 10 tons per ton of P ) of calcium silicate slag
and small amounts (™~ 150 1b per ton of P,) of
ferrophosphorus are also produced as by-products
in the furnace and are tapped off several times a
day.

The elemental phosphorus can be shipped to
off-site fertilizer plants or converted in the com-
plex to phosphoric acid, phosphatic fertilizers,
or mixed nitrogen-phosphate fertilizers. However,
transportation of the product to the point of use



as elemental phosphorus is highly attractive
since it is equivalent to 229% P,0, and can be
shipped in mild-steel tank cars. One ton of phos-
phorus is equivalent in phosphorus content to 5
tons of triple superphosphate or 7 tons of high-
grade phosphate rock. Conversion to phosphoric
acid requires oxidation of the phosphorus with air
or oxygen and hydrolysis of the resulting phos-
phorus pentoxide with water. Alternatively, oxi-
dation and hydrolysis can be done concurrently
with steam to produce hydrogen as a by-product.

The second method studied was the widely used
wet acid process, based on the acidulation of
phosphate rock with sulfuric acid, which produces
phosphoric acid directly. The sulfuric acid was
produced from sulfur dioxide, obtained by burning
sulfur, by the contact process. In the wet acid
process, high-grade phosphate rock is reacted with
concentrated sulfuric acid to solubilize the phos-
phate content, which is recovered in the filtrate
as phosphoric acid. The residual precipitate, a
mixture of calcium sulfate and silica, is discarded.

The third method involves the acidulation of
phosphate rock with nitric acid (followed by am-
moniation and precipitation of calcium with carbon
dioxide) to produce nitric phosphate fertilizer
with a nominal composition of 27-14-0 (ref.4).
Alternatively, the products from this process can
be nitric phosphate with a composition of 23-23-0
and ammonium nitrate, in a ratio of approximately
3 to 2. In either case calcium carbonate is a by-
product which can be calcined to produce nearly
all the carbon dioxide required in the process.
The nitric phosphate can be distributed either as
bulk or bagged product.

5.3.2 Metals Production

Three studies on the production of metals
(aluminum, iron and steel, and magnesium) were
made. Aluminum was studied intensively; less
thorough studies were made for iron and steel and
for magnesium. The iron and steel study® was
limited by the fact that although a number of
alternatives to the conventional (blast furnace,

4Standard designation for fertilizers, in which 27-14-0
means the above fertilizer contains 27% N, 14% P205,
and 0% K 2O.

5Study prepared by A. M. Squires; complete report
contained in ORNL-4294, part I (to be published).
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coke oven, and basic oxygen furnace) steelmaking
system have been tested, insufficient economic
data are presently available on many of the al-
ternatives to make complete comparisons. A
rather complete survey of seven alternatives was
made; however, the economic parts of the studies
were limited to a comparison of approximate capi-
tal costs and electrode, fuel, and electricity costs.
Production of magnesium was also studied quite
extensively, and cost data have been accumulated.
Unfortunately, receipt of these data was too late
to permit the writing of a computer cost code and
the evaluation of the various cost parameters. A
schematic flowsheet for metals production is given
in Fig. 5.5. In this flowsheet the starting material
for magnesium production is anhydrous magnesium
chloride, production of which is discussed in

Sect. 5.3.3. The circled numbers on the iron and
steel portion of the flowsheet indicate the route

of the alternative systems.

Aluminum. — Production of alumina and alumi-
num was assumed to be by the Bayer and Hall
processes, respectively, both of which are used,
with minor variations, almost universally. A
number of alternative processes are now under
development by various aluminum companies, but
none is yet in industrial use. It was further
assumed that low-cost nuclear power would make
competition from nonelectrolytic processes now
under development less immediate.

In the Bayer process, bauxite is ground and
reacted with aqueous caustic soda at elevated
temperatures (™~ 175°C) and pressures (~ 100 psig)
to produce soluble sodium aluminate, which is
filtered off. The solid waste, called ‘‘red mud,”’
contains a mixture of iron, titanium, and silicon
oxides plus small amounts of alumina and caustic
soda. The alumina is precipitated from the sodium
aluminate filtrate by seeding the cooled solution
with fine alumina crystals and, occasionally, by
sparging the solution with carbon dioxide. The
precipitated alumina is recovered by filtration and
washing and is finally calcined at 2000°F to re-
move combined water. The dry alumina is then
fed to the Hall aluminum refining process, where
it is dissolved in molten synthetic cryolite at
1000°F and electrolytically reduced to aluminum
metal. The off-gas from the reduction cells is
predominantly carbon dioxide, which may be useful
in urea synthesis. As is customary in most aluminum
plants, the plant also includes an anode manu-
facturing facility where the carbon anodes are



made from petroleum coke, pitch, and anthracite
coal. About l/2 ton of anode is required to pro-
duce 1 ton of aluminum. The molten aluminum is
finally tapped off several times a day and either
cast into ingots or fed to an adjacent aluminum
fabrication plant.

Iron and Steel. — Compared with the aluminum
production method described above, iron and
steel production systems are very complex and
require a selection among a number of alternatives.
This will be particularly true for developing
countries, where the steel-producing capacity re-
quirement is likely to be below the level at which
blast furnaces and coke ovens are economic — a
capacity in the order of several million tons of
steel a year.

In our study, six ‘‘routes’’ to steel were com-
pared with an advanced blast furnace technology.
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The routes are shown in Fig. 5.5 by the circled
numbers. It was assumed first that in the blast
furnace base case the new advances in blast
furnace technology, made over the past ten years,
will be carried to their logical maximum advantages
and that some incipient innovations, such as the
use of 27% oxygen rather than air as blast, will

be fully implemented. Conversion to steel for the
base system was assumed to be achieved by the
use of existing or improved Linz-Donawitz (LD)
basic oxygen furnaces, which are rapidly sup-
planting the open-hearth furnace both in the United
States and overseas.

The various alternatives were divided into near-
term, intermediate-term, and far-term systems for
both iron and steel production. These probably
represent general industrial acceptance in 10,

15, and 20 years respectively.
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The near-term pig-iron production method was
based on the use of a traveling-grate prereduction
furnace developed at Battelle Memorial Institute ©
followed by an electric pig furnace. Both methods
are now in limited use. The traveling-grate sys-
tem was chosen over the various prereduction kiln
methods because kiln-type operations provide poor
heat and mass transfer.

The intermediate-term iron-making method
chosen for study was the gaseous reduction
processes’ for iron ores in which the ore is re-
duced to powdered iron with hydrogen in a fluidized
bed. These processes have been fully pilot planted
and have been used on a small industrial scale by
the Bethlehem Steel Company and by United States
Steel Corporation. Production of hydrogen by both
steam-methane reforming and water electrolysis
was studied; the' latter method has the advantage
of simultaneously producing oxygen for subse-
quent use in steelmaking. An intermediate-term
alternative to the hydrogen-reduction process,
which was considered, was to only partially re-
duce the iron ore with hydrogen in a fluidized bed
and to convert this product to a pig-iron powder
by carbiding with carbon monoxide from the
phosphorus-producing electric furnace.

As an example of a far-term iron-making system,
the Eketorp furnace, now being pilot planted, was
evaluated. In this process, ore is admitted to a
spinning disk at the top of a furnace, drops as a
curtain through a high-temperature reducing at-
mosphere, where it is reduced to metal, and falls
into a pool of pig iron being sparged with fuel oil
to produce the reducing gas stream above the pool.

The near-term steelmaking systems considered
were an advanced version of the widely used LD
oxygen furnace mentioned above and, alternatively,
an advanced-type electric steel furnace. The
intermediate-term method considered was use of
an advanced Kaldo oxygen furnace which is pres-
ently in industrial use on a limited scale. The
far-term system employed a spray steelmaking
furnace presently being pilot planted in Great
Britain by the British Iron and Steel Research
Association (BISRA). In this process, molten
pig iron is run through water-cooled nozzles in the

5McWane Cast Iron Pipe Co. is now building a
traveling-grate prereduction plant at Mobile, Ala.

"The H-iron process, developed by Hydrocarbon Re-
search, Inc., and Bethlehem Steel Co., and the Nu Iron
process, developed by United States Steel Corp.
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top of a furnace where it is atomized with oxygen
and converted to steel in a few milliseconds.

The six alternative overall iron and steel sys-
tems shown in Fig. 5.5 are various combinations
of the iron- and steelmaking methods enumerated
above. Since it was assumed that the steel pro-
duced by all the above processes would have
about the same composition, only a single ad-
vanced method was considered for converting the
molten steel to usable products. The method
studied employed continuous casting and advanced
rolling-mill practices. Providing a rolling mill
with one or more continuous casting furnaces re-
duces the size and cost of the rolling mill by 50
to 65%.

Magnesium. — Magnesium metal and chlorine are
produced by the fused-salt electrolysis of an-
hydrous magnesium chloride (see Sect. 5.3.3) at
about 1400°F. With 92% pure MgCl,, 4.4 tons of
this salt is required to produce 1 ton of magnesium
metal and 2.7 tons of chlorine. The cell feed
should contain a minimum of sulfate (<0.05%) and
boron (<0.002%) because these impurities are
detrimental to electrolysis. On the other hand,
diluent salts such as NaCl, CaClz, and KCl in
approximately equal proportions are permissible
up to a total of 8 to 10% of the cell feed compo-
sition. The cell bath should contain 5 to 25%
MgCl,, with the balance comprised of the above
diluent salts, to achieve a high density. The
electrical power requirement is 17,000 kwhr per
ton of produced magnesium metal. The economics
of magnesium metal production are reviewed, along
with the costs of the recovery of chemicals from
solar salt bitterns, in Appendix 5A.

5.3.3 Production of Chemicals from Seawater

The third general group of industrial chemical
processes studied were those which would be
associated with a seawater evaporation plant.
These include:

1. seawater treatment with hydrochloric acid,
caustie soda, or both to prevent scale forma-
tion on the evaporator heat transfer surfaces;
salt production by solar evaporation of the con-

centrated seawater evaporator effluent;

3. caustic and chlorine production by brine elec-
trolysis for seawater treatment or sale;
4. processing of the bitterns from the solar salt

works to recover magnesium chloride, magnesia,



lime, gypsum, potassium chemicals, bromine,
and sulfates, and possibly the production of
cement and sulfuric acid.

This four-part system is shown in Fig. 5.6. In
this study it was assumed that only part of the
produced salt is used for caustic-chlorine produc-
tion and that the remainder is sold. Although solar
evaporation of the bitterns is shown, we believe
that additional studies may show that evaporation
using low-cost steam from the nuclear station may
be more economical. Part or all of this system
would very likely be included in any arid seaside
complex which produced an appreciable amount of
fresh water. Use of equimolar amounts of NaOH
and HCI for seawater treatment appears less ex-
pensive than other methods, including the con-
ventional H,SO, method. When HCI or NaOH
treatment alone is employed, the cost advantage is
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less obvious when the by-product caustic or chlorine

has no market; however, if markets do exist, use of
the latter methods can be even cheaper than the
equimolar method. for example, in a non-United
States complex, seawater treatment would employ
HCI, and the by-product caustic, the product in
demand, would be sold (see Fig. 5A.1, Appendix
5A).

Significant savings in solar ponding costs can
be realized by further concentration of evaporator
concentrate rather than starting with raw seawater.
For an inland industrial complex the entire system
would probably be omitted, with the possible ex-
ception of brine electrolysis using imported salt.
The largest system considered involved solar
evaporation of the equivalent of about 150 Mgd
(million gallons per day) of raw seawater, which
is about 6 to 10% (depending on the evaporator
concentration ratio) of the effluent of the largest
evaporators studied (1200 Mgd of fresh water); the
capacity of this system is 5,000,000 tons of salt
per year.

Solar salt and caustic-chlorine production will
be discussed briefly below; use of hydrochloric
acid and/or caustic soda seawater treatment and
the recovery of chemicals from the solar salt
works bitterns are also outlined below and are
discussed in greater detail in Appendix 5A.

Solar Evaporation of Salt. — At an evaporator
concentration ratio of 2, a seawater evaporator
which produces 1000 Mgd of fresh water will re-
ject a concentrated brine containing about 6% salt

(NaCl) in the amount of 250,000 tons of salt per
day or 85,000,000 tons/year. Therefore, where a
market exists for salt (and/or for caustic-chlorine
and seawater chemicals), it appears advisable to
process part of this reject stream to recover the
desired products, particularly since large savings
in land and land improvement costs, which are an
appreciable part of the salt production costs, can
be achieved. For example, use of the concen-
trated brine in a 1,000,000-ton/year salt works re-
duces the land requirement from 40,000 to 24,000
acres, a saving of about 60%.

In ordinary solar salt production, raw seawater
is passed through about ten successively smaller
ponds, arranged in series, where the salt con-
centration is slowly built up to the saturation
point. The saturated salt solution then flows or
is pumped into crystallizing ponds, where approxi-
mately 75% of the salt is allowed to crystallize
out along with a few percent of the CaSO4 1%
CaSO, in the final salt). The crystallized salt is
harvested, washed, dried, and stored for sale
and/or for use in caustic-chlorine production. The
bitterns, containing potassium, calcium, magne-
sium, sulfate, bromide, and other ions and about
25% of the original salt, are then drained off and
either discarded or processed further for recovery
of one or more of the above chemicals.

When the evaporator effluent is twice the raw
seawater concentration, the first pond is elimi-
nated; when it is three or four times the raw sea-
water concentration, one or two additional ponds
may be eliminated respectively. About 11 x 10°
gal of seawater is required to produce 1,000,000
tons of salt annually by solar evaporation. This
amounts to less than 2% of the seawater fed to a
nuclear desalination plant that produces 1000 Mgd
of fresh water and concentrates seawater by a
factor of 2.

Caustic and Chlorine Production. — In the manu-
facture of caustic and chlorine, salt is dissolved
in fresh water to obtain a saturated brine, which
is electrolyzed in a diaphragm cell to produce
chlorine, hydrogen, and a caustic soda solution
containing an equimolar amount of unelectrolyzed
salt. The caustic-salt solution is evaporated to
50% NaOH for sale; during evaporation the salt is
quantitatively precipitated, removed by filtration,
and recycled to electrolysis.

Seawater Treatment. — Seawater treatment prior
to fresh water production by evaporation includes
(1) the removal of bicarbonate from the seawater
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Fig. 5.6. Schematic Process Flowsheet for (1) HCI/NaOH Seawater Treatment, (2) Solar Salt Production,

(3) Caustic-Chlorine Production, and (4) Recovery of Chemicals from Bitterns.
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to prevent the formation of alkaline scale [CaCO3,
Mg(OH),] at evaporator temperatures of 170 to
180°F and (2) partial to complete removal of
calcium to prevent the precipitation of calcium
sulfate as anhydrite (CaSO,) if evaporator tem-
peratures of 260°F and above are desired.

At present the standard seawater treatment
method involves the addition of sulfuric acid to
completely remove the bicarbonate ion as carbon
dioxide gas. Three newer methods have been
proposed. The one recommended in this study
is the use of hydrochloric acid and/or caustic
soda; the former removes the bicarbonate ion
alone without the addition of sulfate ion, where-
as the latter removes all the bicarbonate and
23% of the calcium in the seawater. Use of
equimolar amounts of hydrochloric acid and
caustic results in minimum cost treatment for
most conditions. The second method involves
the use of the CO, suppression system, being
developed at ORNL and elsewhere, and the
third uses the lime-magnesium-carbonate (LMC)
process developed by the W. R. Grace Chemical
Company. The CO, suppression system removes
all the CO2 and up to 10% of the calcium; the
LMC process removes all the CO, and about
70% of the calcium. Costs of these four methods
are discussed and compared in detail in Appen-
dix 5A.

With the HC1-NaOH seawater treatment method
the hydrochloric acid is produced by recombina-
tion of hydrogen and chlorine from brine elec-
trolysis. The caustic soda is added to the sea-
water as spent cell electrolyte containing equi-
molar concentrations of caustic soda and un-
electrolyzed salt. The use of equimolar amounts
of HC1 and NaOH in seawater treatment consumes
the total output of a caustic-chlorine plant (un-
less excess is made for sale). When more than
23% of the calcium in seawater must be removed,
to attain evaporator temperatures above 295°F,
caustic soda treatment must be augmented by
the addition of soda ash (Na,CO,) produced
either by the carbonation of caustic soda or by
the Solvay process, which uses salt and ammonia
(if it is not recycled) as its raw materials.

One further advantage of the HC1-NaOH sea-
water treatment system is that it permits a wide
range in the amount of product caustic or
chlorine available for sale. In the United States,
where chlorine is the product in demand, sea-
water would be treated with caustic soda, where-
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as in most developing countries, where caustic
soda is the more valuable product, hydrochloric
acid treatment would be employed. A wide range
of combinations of sales requirements can also
be met.

Recovery of Chemicals from Solar Salt Bitterns. —
The bitterns from a solar salt works constitute a
rich source of potassium chloride or sulfate, mag-
nesium chloride, and gypsum (CaSO,). The
magnesium chloride is the raw material for mag-
nesium metal production, and the gypsum is a
potential source of sulfuric acid and portland
cement. Although the potassium salts are used
in smaller quantities than nitrogenous and phos-
phatic fertilizers, they are nevertheless an im-
portant ingredient in modern-day agricultural
practices. A full discussion of the methods used
in the recovery of these products is given in
Appendix 5A.

In order to provide an idea of the amounts of
these products which are recoverable, the esti-
mated daily recoveries of all products from a solar
salt works with a capacity of 1,000,000 tons of
salt per year are given in Table 5.1. Annual re-
coveries commensurate with solar salt works
having capacities of 1,000,000, 2,000,000, and
4,000,000 tons of salt per year are also shown in
the table.

5.3.4 Plastics Production

The last group of products considered for study
was plastics, which are valuable in a developing
country as building materials and as raw materials
for secondary industries. It was originally in-
tended that the production of a number of plastics
be studied, but because of time limitations, efforts
in this area were limited to a consideration of the
production of some raw materials used in the
plastics industry, namely, acetylene and ethylene
produced from naphtha by the Hils arc process or
by partial oxidation. 8

Acetylene has been conventionally produced by
the action of water on calcium carbide produced
in electric furnaces from limestone and coke.

More recently, large-scale production from petro-
leum raw materials by partial oxidation with oxy-
gen and by direct thermal pyrolysis has provided

8This study made by W. E. Lobo, Consulting Chemi-
cal Engineer. Complete report contained in ORNL-
4294, part II (to be published).



Table 5.1. Production Capacities for Salt and Bittern Chemicals /

Annual Capacity (tons) for Pond Area® of —

Product Daily
Capacity? (tons) 24,000 Acres 48,000 Acres 96,000 Acres
Salt (NaCl) 3030 1,000,000° 2,000,000 4,000,000
Bromine 9 3,000 6,000 12,000
From Sulfate-Containing Bitterns Process

Potassium sulfate 80 24,000 48,000 96,000
Magnesium

As MgCl2 169 51,000 102,000 204,000

As Mg metal 42 12,500 25,000 50,000

From Sulfate-Free Bitterns Process

Portland cement 1400-1570¢ 460,000—520,000¢ 920,000—1,040,000¢ 1,840,000—2,080,000d
Sulfuric acid 260-300 85,000—-100,000 170,000-200,000 340,000—-400,000
Potassium chloride 82 27,000 54,000 108,000
Magne sium

As MgCl2 390 128,000 256,000 512,000

As Mg metal 94 31,000 62,000 124,000

2For annual salt production rate of 1,000,000 tons.
bAt 2:1 concentration ratio.

At 75% recovery, 1,000,000 tons of salt per year requires the evaporation of 1.1 X 1

dCapacity in barrels of cement.

the raw material for petrochemical processes

using acetylene as a base. When naphtha or
heavier hydrocarbon fractions are used as the raw
material, acetylene production is accompanied by
the production of considerable amounts of ethylene.

The production of acetylene by the direct appli-
cation of electrical energy was first commercialized
at the plant of Chemische Werke Huls, Germany,
just before World War II; the feed stock for the
electric arc was mainly methane and ethane from
coal hydrogenation, later supplemented by natural
gas. These processes can use a wide range of
feed stocks, including vaporizable liquid hydro-
carbons as well as gas. Acetylene is the main
product, but ethylene can be made as a co-product
by the introduction of naphtha prequench; hydro-
gen and carbon black are by-products.

The reported work in the literature with plasma
cracking looks the most promising. Hydrogen
plasma requires less energy than argon. Water
vapor with hydrogen also gives good results.

010 gal of raw seawater.

Naphtha requires less energy per unit of acetylene
than methane does. The normally liquid feed
stocks appear to be the most economical, par-
ticularly where use may be made of the other un-
saturated products, such as ethylene and propylene.
There is still great room for improvement both in
yields and in energy consumption by further re-
search and development. There seems to be no
doubt that such processes would make fruitful
development projects.

5.4 Acquisition and Development of
Technical and Cost Data

A great deal of effort was expended by the
study group, the numerous representatives from
industry, and our consultants in developing good
technical and cost data for all the processes
studied. Material and heat balances were made
for each process, based on realistic yields,
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losses, and utility requirements. Special studies
were made on electrolytic cell current density in
the case of water electrolysis, catalyst require-
ments for ammonia and nitric acid synthesis, the
effect of phosphate rock assay, and a number of
other special variables peculiar to particular
processes.

Similar care was taken in the development of
realistic costs for the various processes under
economic conditions in the United States. Pro-
cessing plant battery limit® capital investment
costs (excluding working capital) were developed
for each process at several capacities in order
to determine appropriate cost scaling factors. Operat-
ing costs were developed as the sum of the costs of
raw materials, utilities, operating and maintenance
labor and supervision, plant overhead, special ma-
terials, and indirect costs (including recovery of
investment, return on investment, and interest on
working capital). Raw materials costs included,
when necessary, shipping costs to the complex.
Labor costs were derived from actual manpower re-
quirements including fringe benefits times an aver-
age United States wage rate of $4.00 per hour. Over-
head was uniformly taken as 60% of the total of
operating and maintenance labor and supervision. In-
direct costs did not specifically include insurance,
local taxes, or corporate income taxes because
these costs would be difficult to extrapolate later
to non-United States conditions. Recovery of in-
vestment was computed by the sinking-fund allowance
method assuming annual end-of-year payments for
15 years. Return on investment was determined on
an annual basis at simple interest. In all building
block and industrial complex cases, working capital
was taken equal to 60 days total (direct and indirect)
operating costs. Gross battery limit manufacturing
costs were obtained as the sum of all prior costs
plus the computed interest on working capital. By-
product credits were not assumed in arriving at
net manufacturing costs.

In the building block and industrial complex
cost computations, all industrial plants were
assumed to have a 15-year life and no end-of-life

9Battery limit cost includes cost of production facility
only and excludes off-site or support facility costs such
as power plant; maintenance shops; administrative, fire,
safety, health, and security needs; railroads; roads;
water and sewage facilities; etc. These are discussed
in detail in sect. 5.6.1

value. The 15-year life was chosen to reflect ex-
pected process obsolescence rather than the
wearing out of equipment. The conversion of
United States costs to non-United States condi-
tions has already been discussed in Chap. 3.

5.4.1 Technical and Economic Parameters and
Computer Codes

As noted previously the production of 17 products
was studied intensively. The technical, and more
particularly the economic, data obtained for these
processes and products were sufficient to evaluate
realistic manufacturing costs for a number of pa-
rameters, which will be enumerated and explained
below. In order to make as complete an evaluation
as possible in the limited time available, com-
putet codes were developed and used to evaluate
all reasonable sets of parameters. This section
presents a summary of the parameters that wete
evaluated for the various products.

In nearly all cases these basic cost data (under
United States conditions) were supplied by our
consultants and the members of the cooperating
companies listed in Appendix 1. We believe that
the cost data are representative of the various
industries studied but are not specific for a given
company within the industry. Thus it is our
opinion that the costs given here are realistic for
plants of the capacities studied, since they were
obtained from consultants and company repre-
sentatives rather than from published sources.

For those readers who may wish to obtain a
more detailed understanding of the computational
methods used in our studies, a full review of the
procedures, including a brief description of the
computer codes, is presented in a companion
report. ! ® This report also provides numerous
tables which will enable the reader to obtain,
easily and quickly, any of the manufacturing costs
(obtained in the computer runs) for any values of
the parameters considered.

5.4.2 Summary of Parameters

The first parameter considered for the various
processes was plant capacity. In general, a

104 E. Goeller, Tables for Computing Manufacturing
Costs of Industrial Products in an Agro-Industrial
Complex, ORNL-4296 (to be published).



lower limit was established for each product, based
primarily on the capacity under today’s technology
below which it was found that product manufactur-
ing costs would be too high to compete in the
present or future markets. Similarly, the upper
capacity limit was set at a value based on a de-
veloping country’s capacity to consume a par-
ticular product in the future or to compete on the
export market. In any one computer run, seven
capacities can be compared, but in nearly all
cases only four were evaluated (five were evalu-
ated for solar salt).

The second parameter was utility (electricity,
prime and exhaust steam, and process water)
costs. The ranges for the various utility costs
were established by examining nuclear reactor
and desalination evaporator technologies; full
discussion of the utilities cost rationale is given
in Chap. 4 and in Appendix 4A. The computer
codes used in the industrial studies can accept
four costs for each utility per run. The electricity
costs used in most calculations were 1, 2, 4, and
8 mills/kwhr. Comparable prime and exhaust
steam cost sets used were 6, 16, 30, and 50¢ and
2, 6, 15, and 25¢/MMBtu (million Btu) respectively.
The four base costs used for process water were
7, 12, 30, and 50¢/1000 gal. Single cost values
were used for cooling water and fossil fuel; the
values generally used were 2¢/1000 gal and
50¢/MMBtu respectively.

Another parameter studied was cost of money,
expressed as an interest rate. The computer code
can accept four interest rates during a single run;
in all cases rates of 2.5, 5, 10, and 20%/year
were used. This range was chosen to represent
anticipated acceptable rates of return on invest-
ment both in the United States and overseas.

Raw materials costs for large bulk purchases
were also a parameter in the computations; up to
four values each were used for: naphtha for
ammonia synthesis, sulfur for sulfuric acid manu-
facture, phosphate rock for phosphoric acid pro-
duction (by both the electric furnace phosphorus
and wet acid processes) and for nitric phosphate
manufacture, bauxite for alumina and aluminum
production, alumina (two values) for aluminum
manufacture, and salt for caustic-chlorine produc-
tion by brine electrolysis.

Several other parameters were used for specific
processes; for example, four electrolytic cell
current densities were used for water electrolysis
in Allis-Chalmers cells and five for General

Electric cells. Phosphate rock assay was also a
variable, but use of a second assay required a
second computer run,

In all calculations the final building block out-
put was production cost per ton of product in
terms of the previously enumerated parameters.
Output for industrial complex computations was
in annual product costs and values. The building
block economic analyses were usually based on a
comparison of production costs for each product
under two conditions. In some cases (NH3 and
H,PO,) production by an advanced (preferably
electrolytic) method was compared with production
by the presently most-used technique. Where an
alternative production method was not available
(aluminum), an attempt was made to make a com-
parison on geographic or other grounds, as dis-
cussed in Sect. 5.3.

5.4.3 On-Stream Efficiency and Plant Reliability

In general, few industrial plants operate either
absolutely continuously or at full capacity at all
times. In order to take this into account in our
analysis, an on-stream efficiency factor, based
on experience in the various chemical and metal-
lurgical industries studied, was used. The on-
stream efficiency factor employed for ammonia
and ammonia-derived fertilizer manufacture and
for caustic-chlorine production was 0.95. For
production of phosphoric acid both by the wet
acid process and from electric furnace phosphorus,
a factor of 0.93 was used. The factor for the
solar salt works was 0.91. The aluminum produc-
tion facility was assumed to have an on-stream
efficiency factor of 1.00. In the industrial com-
plexing calculations an overall average on-stream
efficiency of 0.95 was employed.

With regard to reliability and the seriousness of
shutdowns, there appears to be considerable
variance from industry to industry. Water or brine
electrolysis plants which produce hydrogen (and
oxygen) and caustic-chlorine (and hydrogen), re-
spectively, can be shut down either purposely or
by a power outage with practically no ill effects.
They can then be started back up in, at most, an
hour. This characteristic permits such plants to
utilize lower-cost off-peak or interruptable power
very effectively. A brief study was made on the
production of ammonia from off-peak power and
will be discussed later. Ammonia plants cannot



be readily shut down and restarted, because they
operate at high pressure and intermediate tempera-
ture. Restarts take several hours, particularly if
the equipment has cooled off and pressure has been
lost following the shutdown.

Problems in electric furnace phosphorus opera-
tion and aluminum smelting are more severe be-
cause both of these processes operate at higher
temperatures. When power to a phosphorus electric
furnace is lost, the furnace and its contents start
to cool down, the rate of cooling being a function
of the size of furnace. A small furnace (30 tons/
day) would have to be restarted in 24 hr to pre-
vent solidification of the furnace contents, whereas
a very large furnace (~300 tons/day) could prob-
ably be restarted readily after a power outage of
several days. Once a furnace charge has solidi-
fied, restarting will take up to a day, being less
for small furnaces. Considerable time-consuming
rodding of the furnace charge to free the electrodes
is required; since the furnaces are very rugged,

a ‘“freeze-up’’ does little damage, and the need
for repair or replacement of equipment as the re-
sult of a shutdown is unlikely.

Much of what has been said for electric furnaces
also applies to electrolytic aluminum smelting
pots. Freeze-up times are shorter, and, because
the pots are carbon lined, equipment damage is
much more likely. Thus every effort is made to
keep the power flowing to an aluminum pot line,
and the extra costs for alternative sources of
electrical power are generally considered justi-
fiable. In the event of a power outage, extreme
efforts are made to restore at least half power
within 2 to 3 hr; this supplies enough power to be
rotated among the various pots or pot lines to slow
the cooling process. After 6 to 8 hr, power must
be brought up to 75% of full power to make this
technique effective, and after 16 to 24 hr, even
this method is futile. Thus after a day at less
than nearly full power the pot contents will
freeze, and an expensive time-consuming period
of 20 to 30 days is required to get the plant back
in production. All the cryolite and aluminum must
be removed and each pot inspected. About 10 to
15% of the pots must be relined because of dam-
aged linings. An aluminum smelting plant nor-
mally contains about a 3 to 5% excess of smelting
pots in order that a few can always be out of
service to be relined; relining is required every
one to two years.
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Based on the above discussion it is our opinion
that an ammonia plant using electrolytic hydrogen
and a caustic-chlorine plant can be adequately
run from a single power reactor. In the case of
phosphorus-producing electric furnaces and par-
ticularly for an aluminum smelting plant, the re-
liability provided by dual power reactors or a
single reactor tied to a large grid is very desirable.

5.5 Summary of Industrial Building
Block Cost Results

This section presents typical results of the
industrial building block cost studies. Two types
of results are given: first the results which were
obtained using a computer to evaluate manufac-
turing costs under conditions in the United States
for hydrogen, ammonia, phosphorus, phosphoric
acid, aluminum, salt, and caustic and chlorine,
with their associated products; and second, the
results of studies made in more general terms
without the assistance of a computer on such
products as magnesium, bromine, and potassium
from seawater, iron and steel, and acetylene via
the arc process and the partial oxidation process.

5.5.1 Computer-Derived Manufacturing Costs for
Ammonia, Phosphoric Acid, Aluminum, and
Caustic and Chlorine and Associated
Products

In the processes studied, often only one of the
major cost components is controlling in the over-
all production cost of a specific product. This
trend is borne out in Figs. 5.7a—d, which show the
cost contribution to the total production cost of
raw materials, electricity, labor, other materials,
and indirect (capital) costs vs power cost for four
products: ammonia from electrolytic hydrogen,
electric furnace phosphorus, aluminum ingot from
the electrolytic reduction of alumina, and chlorine
from brine electrolysis respectively. Figure 5.7a
shows that even at low power costs, the cost of
electricity is the major cost component in the
production of ammonia from electrolytic hydrogen
and that at high power costs (7 to 8 mills/kwhr)
it overshadows all other costs. In Fig. 5.7b it is
readily seen that in the production of electric
furnace phosphorus the raw materials cost is con-
trolling at all power costs. This is understandable
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since about 10 tons of phosphate rock and matrix costs about $500.00 to $600.00 per ton to manu-
are required to produce 1 ton of elemental phos- facture. Finally, as shown in Fig. 5.7d, no single
phorus. For aluminum ingots, as shown in Fig. cost component is controlling in caustic-chlorine
5.7c, the plant capital cost is found to be over- production by electrolysis. Power cost is the
riding because of the high cost of aluminum major cost component above 6 mills/kwhr at 20%
smelting plants. Under appropriate conditions cost of money and above 3.3 mills/kwhr at 10%
aluminum ingot can be produced for about $400.00 cost of money.

per ton; fabricated aluminum in simple shapes
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Figure 5.8 shows the percent of the total manu-
facturing cost attributable to cost of electricity
as a function of power cost for each of the above
products and for 10% cost of money.

These conclusions will be even more apparent
in the detailed cost analysis presentations for
each of the various products, which will now be
discussed in turn. In these discussions the
values of the parameters studied for each product
are tabulated in the section on that product.

Manufacturing Costs of Hydrogen and Ammonia. —
This section provides a summary of the manu-
facturing costs of ammonia using hydrogen from
both the electrolysis of water and steam-naphtha
reforming. Naphtha, rather than natural gas, was
used because it is presently more available in
developing nations. Typical manufacturing costs
of ammonia, nitric acid, ammonium nitrate, urea,
and nitric phosphate, each using hydrogen from
both sources, are also presented.

Three methods for the electrolysis of water,
none of which are presently in commercial use,
were studied: the first, the one for which the
technology is most developed, involves the use
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of an advanced design De Nora diaphragm cell;
the second, less developed but probably available
for commercial use within ten years, employs a
new type of Allis-Chalmers cell. The far-term
alternative employs a new type of cell currently
under development by the General Electric Com-
pany which electrolytically dissociates steam,
containing a small amount of hydrogen, in the
temperature range of 1000 to 1100°C. A more
thorough discussion of the three cells is given in
Sect. 5.3.1. Although the Allis-Chalmers cell
was adopted as the standard for this study,
enough cases were evaluated for the other two
cells to provide hydrogen and ammonia manufac-
turing cost comparisons. Manufacturing costs for
nitric acid, ammonium nitrate, urea, and nitric
phosphate were based solely on the use of hydro-
gen from the Allis-Chalmers cell (and from steam-
naphtha reforming).

In the computation of hydrogen (and ammonia)
production costs, the values of the previously
described variables which were used are as
follows:

Interest rate 2.5, 5,10, and 20

(cost of money), %

Plant capacity, 300, 600, 1000, and 3000

tons of NH3 per day

Naphtha cost,
dollars/ton

15, 22, ﬂ' and 35

For the case of the Allis-Chalmers cell the addi-
tional variable of current density was also evalu-
ated at 400, 800, 1200, and 1600 amp/ft 2, The
De Nora cell was evaluated at a current density
of 300 amp/ft? and a plant capacity of 1000 tons
of ammonia per day. The General Electric cell
was evaluated at a plant capacity of 1000 tons

of ammonia per day and at current densities of
1750, 2500, 3500, 5000, and 7500 amp/ft%. In
addition, three General Electric cell module costs
of $25.00, $50.00, and $100.00 per square foot and
three levels of internal resistance losses (cell
types A, B, and C), which are a function of cur-
rent density, were evaluated. In going from A to
C it was assumed that resistance was decreased
by providing thinner zirconia electrolyte sections
and additives that lower the resistance of the
zirconia. For example, Zr0,-Yb,0, has been
found to have a lower resistance than Zr0-Y,0,.
The final parameter, cell module cost, was given
three values: $100.00, $50.00, and $25.00 per



square foot of electrode surface. General Electric’s

rationale for these costs is as follows: *‘It is
estimated that cell modules can be produced at a
cost of $100 per sq. ft. of cell area during early
years of large-scale manufacture. With further
manufacturing experience and improvements, it is
reasonable to expect module cost to come down
later to $50/sq. ft. and eventually to $25/sq. ft.”’
In the economic calculations, only a limited num-
ber of the 27 possible combinations of the three
parameters were evaluated; these included the
type B cell at all unit cell costs and current
densities (1750, 2500, 3500, 5000, and 7500 amp/
ft2) and the type C cell at a unit cost of $25.00
per square foot and all current densities. In
addition the types A and C cells at unit costs of
$50.00 and $100.00 per square foot were evaluated
at a current density of 1750 amp/ft2.

In addition, the costs of electricity, distilled
water, and prime and exhaust steam were varied

as follows:
Power cost, mills /kwhr 1,2,4, and 8

Distilled water cost,
cents /1000 gal

7, 12, 30, and 50

Prime steam cost,
cents /MMBtu

6,15, 30, and 50

Exhaust steam cost, 2, 6,15, and 25

cents/MMBtu

In all calculations the variable utility costs were
used as vertical sets; that is, 1-mill power was
used with 7¢ water, 6¢ prime steam, and 2¢ ex-
haust steam, etc. Since these same values were
used in computing production costs for all
products they will not be retabulated in the dis-
cussions on other products.

The underlined values in the tabulations listed
previously were used as standards of comparison
in the typical example which follows. The 10%
cost of money is generally in line with the exist-
ing private industrial opportunity rate of return
after taxes in the United States. A 1000-ton/day
ammonia plant is large, but several 1500-ton/day
plants are presently in operation or under con-
struction. A naphtha price of $27.00 per ton was
chosen to reflect a price delivered about 2000
miles from a refinery in a developing nation. For
example, naphtha currently sells in India for
$26.00 to $36.00 per ton.!!

With regard to the current densities assumed for
the Allis-Chalmers cell, more development work

is required in order to demonstrate long-term sta-
bility; however, a model of this cell has been run
in the laboratory at ratings up to 4000 amp/ft?

for 24 hr. The De Nora cell current density of

300 amp/ft? is twice that used in present operat-
ing units; however, recent advances indicate that
the higher value can be obtained easily with newly
designed cells. In the case of the General Electric
high-temperature cell a single module (cell tube)
has been successfully operated up to 3500 amp/
ft2. At this time, experiments have been done
only with single modules.

Typical computed costs for ammonia using hy-
drogen both from the Allis-Chalmers cells and
from steam-naphtha reforming are shown graphi-
cally in Fig. 5.9a—d for four variables: cost of
money, plant capacity, naphtha cost, and current
density respectively. Each plot shows gross
manufacturing cost of ammonia vs power cost in
mills per kilowatt-hour for the two alternative
sources of hydrogen and indicates the electric
power rates at which electrolytic hydrogen can
compete with reformed hydrogen for the various
economic variables considered. The underlined
cost values previously discussed are the common
values for the four graphs; for this case the break-
even power rate is 2.7 mills/kwhr, and the gross
manufacturing cost is $35.00 per ton of ammonia.

Figure 5.9a shows that the break-even power
cost is relatively insensitive to the cost of money,
since the break-even power cost varies only be-
tween 2.4 and 2.7 mills/kwhr as the interest rate
is decreased from 20 to 2.5%. Plant capacity, as
shown in Fig. 5.9b, is also a relatively insensi-
tive variable, since the break-even power cost
varies only between 2.4 and 2.8 mills/kwhr as the
capacity decreases from 3000 to 300 tons of am-
monia per day. Naphtha cost has a large effect
on the break-even power cost, as shown in
Fig. 5.9c, where the break-even cost varies from
1.3 to 3.4 mills/kwhr as naphtha cost is increased
from $15.00 to $35.00 per ton. Finally, as shown
in Fig. 5.9d, changes in current density have only
a very minor effect on break-even cost, which
varies between 2.4 and 2.5 mills/kwhr for the
current density range 400 to 1600 amp/ft%. Fig-
ure 5.10 presents the current density data in a
different way; here ammonia manufacturing cost

llPersonal communication, Ministry of Petroleum and
Chemicals, India.
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is plotted against current density with cost of
money and power cost as parameters. The graph
shows that manufacturing costs using power at

1 and 2 mills/kwhr are relatively independent of
current density and that at 4 mills/kwhr there is
only a slight increase in cost at higher current
densities. Although not shown in Fig. 5.10, this
effect is somewhat more pronounced at 8 mills/
kwhr. All but one of the curves go through a
manufacturing cost minimum in the current density
range of 400 to 1600 amp/ft2. In general, these
minima occur at lower current densities for lower
costs of money and higher power rates.

Costs of hydrogen production using power at 1,
2, and 4 mills/kwhr are given for all cell types
studied in Table 5.2 in cents per thousand standard
cubic feet of hydrogen with and without $4.00 per
ton oxygen credit; ammonia costs in dollars per
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ton of NH, are also given in Table 5.2 for hydrogen
from the four cell types.

Figure 5.11a shows ammonia manufacturing
costs as a function of power cost for present-day
cells and for the three types of experimental cells.
This comparison was made for a 1000-ton/day
ammonia plant at a 10% cost of money. The costs
of ammonia production from electrolytic hydrogen
from the advanced De Nora, Allis-Chalmers, and
General Electric cells (type A, $50.00 per square
foot) are, within the accuracy of the estimates,
about equal; they are about 45, 39, and 32%
cheaper than present-day cells when power at
costs of 1, 2, and 4 mills/kwhr, respectively,
is available. However, if the type B and C
General Electric cell characteristics are success-
fully developed, appreciable further savings, using
a cell cost of $50.00 per square foot, appear to be
achievable. The comparisons for the General
Electric cells were made at a current density of
1750 amp/ft2, the lowest density studied, and at
a cell cost of $50.00 per square foot, the median
value. A current density of 800 amp/ft2, which
was previously shown to be the most economic
value, was used for the Allis-Chalmers cell in
this comparison. The advanced De Nora cell
assumed use of a current density of 300 amp/ft2,
the only value considered.

Figures 5.11b and c, for 10 and 20% cost of
money, respectively, show the effect of current
density and module material cost on ammonia
manufacturing cost as a function of power cost
for General Electric type B cell material.

Later information has indicated that further
savings can be made with the General Electric
cell if the oxygen atmosphere at the anode is re-
placed with a carbon monoxide atmosphere. Car-
bon monoxide serves to depolarize the anode by
reacting with oxygen to produce CO,, thus re-
ducing the back emf at the anode. The benefits
of this effect appear to be very attractive. For
example, production of electrolytic hydrogen with-
out benefit of an anode depolarizer, assuming use
of the type B electrolyte configuration, requires
an energy consumption of 90 kwhr of electricity
per 1000 scf of hydrogen at a current density of
2000 amp/ft2. With the use of a stoichiometric
amount of carbon monoxide at the anode, the
energy consumption may be reduced to 26 kwhr/
Mscf. To put these numbers in perspective, the
former is equivalent to a power cost of about $12
per ton of ammonia at an electricity cost of 2



Table 5.2. Hydrogen Manufacturing Costs for De Nora, Allis-Chalmers, and General Electric Electrolytic Cells

Cost of money, i = 10%

A. Cost of Hydrogen

H Manufacturing Cost (cents/Mscf)®
2
Plant Current Generation Power Cost = 1 mill /kwhr Power Cost = 2 mills/kwhr Power Cost = 4 mills/kwhr
Capacity Type of Cell Density Pressure
(tons /day) (amp/ftz) ) No O2 With O, No O, With 0, No O, With o,
(psia) Credit Credit? Credit Credit? Credit Creditb
162 Present 150 15 41 33 55 47 79 71
162 De Nora 300 15 25 17 37 29 57 49
162 Allis-Chalmers 800 300 23 15 35 27 53 45
162 GE°® 1750 15 18 9 25 16 40 32
B. Cost of Ammonia
H Manufacturing Cost (doll ars/ton)
2
Plant Current Generation Power Cost = 1 mill/kwhr Power Cost = 2 mills/kwhr Power Cost = 4 mills/kwhr
Capacity Type of Cell Density Pressure
(tons /day) (amp/ft 2) ) No o, With O, No O, With O, No O, With O,
(psia) Credit Credit? Credit Creditb Credit Credit?
1000 Present 150 15 40 34 51 45 73 65
1000 De Nora 300 15 24 18 33 28 51 43
1000 Allis-Chalmers 800 300 22 16 30 25 47 39
1000 GE°® 1750 15 19 13 25 19 36 28

“Mscf = thousand standard cubic feet.
bat $4.00 per ton.
cType C cell, module cost = $50.00 per square foot.

9
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mills/kwhr, while the latter is equivalent to about
$3.50 per ton of ammonia. An economic analysis
of this latest development has not been com-
pleted at this time. However, it appears to place
electrolytic ammonia in a much better competitive
position compared with steam-methane reforming
in the United States, although a cheap source of
carbon monoxide is required.

Steam-methane reforming is now the most widely
used process for the production of hydrogen for
ammonia synthesis in the United States. This
study did not incorporate an intensive study of
this process for comparison with electrolytic hy-
drogen, because natural gas is usually not a major
raw material present in developing countries.
However, to provide some basic data for compari-
son on an equivalent basis, a few calculations
were performed comparing steam-methane reforming
ammonia plants in the United States with electro-
lytic hydrogen ammonia plants using Allis-Chalmers
cells at a cost of money of 10%.

Table 5.2 indicates that ammonia using elec-
trolytic hydrogen from an Allis-Chalmers cell with
power at 2 mills/kwhr can be manufactured for
$30.00 per ton in a 1000-ton/day plant with no
by-product oxygen credit assumed. Figure 5.12
indicates that a steam-methane reforming plant
evaluated under identical conditions could pay as
much as 67¢/MMBtu for natural gas and still manu-
facture ammonia for $30.00 per ton. However, if
one compares manufacturing costs for 300-ton/day
plants, the break-even price of natural gas de-
creases to 52¢/MMBtu, illustrating the detrimental
effect of scale on electrolytic ammonia plants as
compared with its beneficial effect on reforming
plants. If an oxygen credit of $4.00 per ton is
allowed, the above break-even natural gas prices
are reduced by 18¢/MMBtu, thereby making elec-
trolytic hydrogen much more competitive.

The shaded area on the left side of Fig. 5.12
outlines a range of prices of industrial natural
gas typical of areas in the United States 1000 to
1500 miles (by pipeline) from the gas fields. It
indicates that, for electrolytic hydrogen to com-
pete with steam-methane reforming in these areas,
the price of power must be in the range of 0.8 to
1.70 mills/kwhr, depending upon plant size (with-
out oxygen credit). However, the price of natural
gas in Texas is in the range of 22 to 29¢/MMBtu, ! ?
and here the competitive price of electric power
should be in the range of 0.25 to 1.25 mills/kwhr.
The possibility of attaining the latter power costs
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for a firm power load is remote; however, off-peak
power from breeder reactors may achieve these
costs if it is priced to recover only the direct
operating costs of the nuclear power station (see
Chap. 4).

The ability .to produce a synthesis gas from
liquid feed material without the use of oxygen has
been achieved in recent years. This advance has
permitted steam-naphtha reforming to come of age.
The manufacturing cost of ammonia by steam-
naphtha reforming is somewhat higher than by
steam-methane reforming because of higher capital
costs and a more expensive raw material. Capital
costs for the naphtha process average about 8%
higher than costs for steam-methane.!3 Figure

12y, c. Bauman, Fundamentals of Cost Engineering
in the Chemical Industry, p. 238, Reinhold Publishing
Corp., New York, 1964.

135 . . . .
Private communication from Chemico, Inc.



5.12 shows that naphtha at $20.00 per ton is
equivalent to natural gas at 53¢/MMBtu.

Naphtha, because of its.bulk and the fact that
it is a liquid, is costly to ship, and a price of
$20.00 can only be obtained at a refinery. The
supply of naphtha in the United States is quite
small because the largest output of our refineries
is gasoline. European countries have relied more
heavily on naphtha to supply their nitrogen fertil-
izer demands, but with the discovery of the natu-
ral gas fields under the North Sea this situation
may change. India has very little natural gas and
has relied almost exclusively on naphtha to pro-
vide fertilizer nitrogen. However, much of the
naphtha is obtained from imported oil and, with
the large quantities of fertilizer needed to supply
India’s needs, cannot be relied upon to meet the
demand because of foreign exchange requirements.
In India, refinery heavy stock and coal are being
given much consideration as hydrogen sources.

The shaded band on the right side of Fig. 5.12
outlines a range of naphtha prices from $25.00 to
$30.00 per ton. For these conditions and at a cost
of money of 10%, ammonia obtained from electro-
lytic hydrogen could compete for power costs in
the range of 2.6 to 3.2 mills/kwhr. These power
costs can be obtained from large light-water
reactors [>1500 Mw (electrical)] in the near term
and for advanced design reactors at a cost of
money of 10%/year (Chap. 4).

Ammonia Production Using Off-Peak Power. —
In the event that the complex utilizes nonindustrial
power on a daily part-time basis, as in the pump-
ing of large quantities of water, off-peak power
for industrial use may be available. To evaluate
this possibility a study was made to determine
the costs of producing ammonia assuming opera-
tion of the electrolytic hydrogen plant only during
off-peak hours. Under normal 24 hr/day operation
the water electrolysis cells were operated at a
current density of 800 amp/ft2. For off-peak
periods of 12 to 24 hr, current density was ad-
justed to produce the needed amount of hydrogen;
that is, for 16-hr operation, a current density of
1200 amp/ft2 was used and for 12-hr operation
1600 amp/ft% was used, with the hydrogen plant
sized to produce enough hydrogen for 600 tons/day
of ammonia at 800 amp/ft2. The maximum current
density assumed was 1600 amp/ft?, and thus for
off-peak periods of less than 12 hr the electrolytic
hydrogen facility was increased in size while
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maintaining operational current density at the
maximum. The ammonia synthesis plant was sized
to produce 600 tons/day and was assumed to
operate continuously in all cases. For off-peak
operation, during the part of the day when both
plants were in operation, a portion of the hydrogen
produced in Allis-Chalmers-type cells at 300 psig
would be compressed from this pressure to 3000
psig and fed directly to the ammonia plant; the
remainder would be compressed to 980 psig and
stored underground in high-pressure 42-in. vanadium
steel pipe.!* When the electrolysis plant was
idle, the ammonia plant would draw hydrogen from
storage, decreasing the storage pressure from 980
to 300 psig. At the start of the drawdown period
the ammonia plant feed compressors would operate
from 980 to 3000 psig and at the end of the period,
from 300 to 3000 psig.

The results of this study are summarized in
Fig. 5.13 for off-peak operational periods of 6,

12, and 16 hr and with normal continuous operation
shown for comparison. A plant life of 15 years
and a cost of money of 10% were assumed. Com-
pared with normal continuous operation using
power at 3 mills/kwhr, constant ammonia manu-
facturing cost requires that off-peak power be
available at 2.7, 2.3, or 1.1 mills/kwhr for operat-
ing periods of 16, 12, and 6 hr respectively.

This type of operation for electrolytic cells may
be quite attractive since, with the electrolytic
hydrogen plant designed to operate at 1600
amp/ft? and sized to operate at 800 amp/ft?, it
could serve as an electrical load-leveling device
because the cells can operate at lower current
densities with the advantage of decreased power
usage. Unit power usage is increased by about 13%
in going from 800 to 1600 amp/ftZ.

Production Costs of Ammonia-Derived Fertil-
izer. — Ammonia, whose manufacturing costs
from both electrolytic hydrogen and reformed hy-
drogen were discussed in the previous section,
can be used as a fertilizer directly. However,
under current practices, the great bulk of the
ammonia produced in the world is converted into
a variety of solid fertilizers. In this section,
typical results of computer code calculations on
production costs of three of these — ammonium
nitrate (NH,NO,), urea, and 27-14-0 nitric phos-
phate — are discussed; since nitric acid (HNOs)

14061 Gas J., p. 88 (Feb. 24, 1964).



also is used in the manufacture of NH /NO, and
nitric phosphate, its production cost is included.

Table 5.3 gives the four base capacities studied
for each of these fertilizers and the percent of
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produced ammonia converted in each case. Fig-
ures 5.14a—d provide a comparison of production
costs for each material from either electrolytic
hydrogen or reformed hydrogen for power costs be-
tween 1 and 4 mills/kwhr. These graphs are for
plants (at 10% cost of money) with capacities in
the third capacity column of Table 5.3 (i.e., for
1067 tons of HNO, per day for NH,NO,, etc). A
current density of 800 amp/ft? was assumed for
electrolytic hydrogen production. Naphtha costs
are a variable for the reformed hydrogen cases.

In the case of nitric phosphate (Fig. 5.14d), phos-
phate rock costs of $5.50, $9.60, $17.00, and
$24.00 per ton were used with naphtha costs of
$15.00, $22.00, $27.00, and $35.00 per ton re-
spectively. Curves are not given for the HNO,
plant for nitric phosphate production; because of
lowered capacity, compared with the HNO, plant
for NH,NO,, all HNO, manufacturing costs for
this case are about $0.75 higher than those shown
in Fig. 5.14a.

Figures 5.14a—d indicate that the break-even
power costs for the production of each product
using ammonia derived from electrolytic vs re-
formed hydrogen are about the same as for ammonia
(Fig. 5.9c). This results from the fact that the
secondary products use very little electricity
compared with that needed for water electrolysis
and that the secondary product production costs
are small compared with those for water elec-
trolysis and ammonia synthesis. As was shown

Table 5.3. Base Capacities for Ammonia-Derived

Fertilizers

Amount
of Nl-l3
ey a
Product Base Capacities Converted
(tons per day) (% of total
produced)
HNO3 for NH“NO3 320 640 1067 3200 30
NH4N03b 400 800 1333 4000 59
Urea 300 600 1000 3000 58
I-INO3 for nitric 248 596 827 2480 23
phosphate
Nitric phosphateb 450 900 1500 4500 52

The corresponding base N'l-l3 production rates are

given in sect. 5.5.1.

bIncludes NH, used for HNO, production
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in the preceding section on ammonia production
costs, the effects of cost of money, plant capacity,
and current densities for electrolytic hydrogen
and ammonia production are much less significant
than changes in power and raw material costs.

Phosphorus and Phosphoric Acid Manufacturing
Cost. — The net manufacturing costs of producing
phosphoric acid via both the electric furnace and
wet acid methods were computed. In these com-
putations the variables considered and their
values were as follows:

Interest rate 2.5, 5, E, and 20
(cost of money), %

Plant capacity, 300, 600, 1500, and 3435
tons of P2O5 per day-

Phosphate rock cost, 5.50, 9.60, 17, and 24
dollars /ton

Sulfur cost, 32, 5_0, 65, and 80
dollars/ton

Variable utility costs are the same as those used
for ammonia, given earlier in this section. All
costs are based on United States conditions. The
underlined values are the reference values used
in the typical example which follows. The ca-
pacity of 1500 tons of P,0, per day, although
large by today’s standards, will, we believe, be
a reasonable size for either an electric furnace
plant or a wet acid plant in ten years for either
the United States or a large developing country
such as India. The largest existing wet acid
plant produces about 1000 tons of PO, per day,
whereas the largest electric furnace process in-
stallation now under construction will have a
capacity of about 600 tons of P ,0 per day. With
the presently rising cost of sulfur, $50.00 per ton
is rapidly being approached in many parts of the
United States and has been surpassed in many
developing countries; for example, sulfur in India
currently sells for $60.00 to $80.00 per ton.
Phosphate rock at $9.60 per ton is the present
cost of Florida pebble rock delivered 1500 miles
to a United States port by ocean freighter.

The power consumption, carbon requirements,
and yield of phosphorus in the electric furnace
process are sensitive to the raw materials analy-
sis; changes in analysis can be accommodated in
the computer code. The two analyses studied are
given below:

Composition (%)

Florida Rock Indian Rock
13205 31.1 31.4
CaO 46.5 43.3
SiO2 9.5 8.8
Fe203 1.7 9.3

The balance in each case consists of alumina,
fluorine, and about 5% ignition loss. The Florida
rock composition was used in all the basic cal-
culations; a few comparison runs were made with
the Indian rock analysis. Yields in the latter case
were lower (and costs higher) because more of the
phosphorus was lost to the production of by-
product ferrophosphorus.

Typical computed costs results are shown
graphically in Fig. 5.15a—d for the four variables
interest rate, plant capacity, sulfur cost, and
phosphate rock cost respectively. Each plot
shows gross manufacturing cost of phosphoric
acid vs power cost in mills per kilowatt-hour for
the two alternative processes and indicates the
power costs at which the furnace process can
compete with the wet acid process. The under-
lined cost values previously discussed are the
common values for the four graphs; for this case
the break-even power rate is 5.4 mills/kwhr, and
the gross manufacturing cost is $105.00 per ton of
P,0, as 54% phosphoric acid.

Figure 5.15a shows that the break-even power
cost is relatively insensitive to interest rate and
that it decreases from 5.7 to 5.1 mills/kwhr as
the interest rate increases from 2.5 to 20%. Plant
capacity, as shown in Fig. 5.15b, is also a rela-
tively insensitive variable except at low capaci-
ties; at 300 tons/day of P,0, the break-even cost
is 4 mills/kwhr, whereas at higher capacities
(600 to 3435 tons/day) the break-even cost varies
only between 5.2 and 5.5 mills/kwhr, Sulfur cost
has a large effect on the break-even power cost,
as shown in Fig. 5.15d, where the break-even cost
varies from 2 to 8 mills/kwhr as sulfur cost is in-
creased from $32.00 to $65.00 per ton. With the
current United States price of sulfur at $49.00 per
ton, the furnace method can compete with the
wet acid process if the cost of power is less than
3.6 mills/kwht. Finally, as shown in Fig. 5.15c,
changes in phosphate rock cost have only a minor
effect on break-even cost, as expected, since the
main advantage of the furnace process in this com-
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parison is that it uses slightly less rock per ton
of P,O.

Aluminum Manufacturing Cost. — This section
summarizes the studies made to determine the
cost of producing aluminum from bauxite or im-
ported alumina. Costs were computed in three
steps: (1) production of calcined alumina; (2) pro-
duction of molten aluminum, including the manu-
facture of the carbon anodes; and (3) fabrication
of the molten aluminum to plate and bar.

Since the Bayer and Hall processes for the pro-
duction of alumina and aluminum, respectively,
have no competing processes in industrial use
today, manufacturing costs were computed directly.
In order to provide some sort of comparison, pro-
duction of aluminum all the way from bauxite at
varying bauxite and power costs was compared
with the production of aluminum with power at
2 mills/kwhr from imported alumina, shipped 6000
miles, at $60.00 and $77.00 per ton. This is be-
lieved to be an increasingly good method of com-
parison since the latter case, which originally
represented the aluminum industry practice in
the northwestern United States and southwestern
Canada, is becoming a much more widespread
practice. The reason for this is the reduction in
shipping costs made possible by shipment of
alumina with approximately 1.5 to 2 times the
aluminum content of bauxite. For example, bulk
ocean shipping rates are given in Chap. 8 as
0.15 to 0.25¢/ton-mile. If alumina rather than
bauxite is shipped 6000 miles (from Jamaica or
Surinam to Seattle) a saving of about $10.00 per
ton can be achieved.

The variables and their values used in the
calculations were as follows:

Interest rate (cost of

money), %

2.5, 5,10, and 20

Plant capacity, tons/day
A1203
Al

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

Bauxite cost, dollars per 3, 8,11, and 14

ton of bauxite

Alumina cost, dollars per
ton of A1203

60 and _7_7

Variable utility costs are the same as those used
for ammonia, given earlier in this section. All
costs are for United States conditions. The under-
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lined values are the primary values used in the
typical example which follows. The capacity of
274 tons/day (100,000 tons/year) of aluminum is
about one-third of the world’s largest existing
aluminum plant and is relatively small for a high-
ly developed country but very reasonable for a
developing nation. Bauxite costs of $3.00 per ton
are in line with costs at mines in Surinam, Jamaica,
and elsewhere; costs of $8.00 per ton are typical
of Jamaican ore delivered about 1000 miles to a
refining plant on the United States Gulf Coast.
Alumina costs of $60.00 to $77.00 per ton are
typical of delivered Jamaican alumina costs in the
Seattle, Washington, area.

Typical calculated costs are shown graphically
in Figs. 5.16a—d for the four variables interest
rate, plant capacity, bauxite cost, and alumina
cost respectively. Each plot presents gross
manufacturing cost of fabricated aluminum vs
power cost in mills per kilowatt-hour and indi-
cates the power costs at which locally produced
aluminum can compete with aluminum produced in
the northwestern United States with power at
2 mills/kwhr. Because only a single value (2
mills/kwhr) for power cost was considered for
the northwestern United States cases, these
cases appear as points on the four graphs. The
underlined parametric values previously discussed
are the common values for the four graphs; in this
comparison the break-even power rate is 4.6
mills/kwhr, and gross manufacturing cost is
$650.00 per ton of fabricated aluminum.

The break-even power rate is highly dependent
on interest rate because of the large plant capital
investment and decreases from 5.5 mills/kwhr at
2.5% to 2.9 mills/kwhr at a 20% interest rate, as
shown in Fig. 5.16a. As shown in Fig. 5.16b,
the break-even power cost is also sensitive, but
to a lesser extent, on plant capacity; it varies
from 3.3 to 5.1 mills/kwhr as the plant size is
increased an order of magnitude from 60 to 685
tons of aluminum per day. Bauxite costs also
have a fairly large effect on break-even power
cost, as shown in Fig. 5.16c, where increasing
the cost from $3.00 to $14.00 per ton of bauxite
decreases the break-even power cost from 5.9 to
2.9 mills/kwhr. Finally, as shown in Fig. 5.16d,
increasing the alumina cost from $60.00 to $77.00
per ton for the northwestern United States plant
increases the break-even power cost for the local
plant from 2.5 to 4.6 mills/kwhr,
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Solar Salt Manufacturing Costs. — One of the
options which an agro-industrial complex located
on an arid coast will have is the one of building a
solar salt works to utilize at least part of the
concentrated brine effluent from the seawater
evaporator. Distinct savings in solar ponding
costs can result from processing evaporator con-
centrate instead of regular seawater. In addition
to producing salt for national use and export, the
salt and its bitterns by-product are the source of
a number of additional products. The salt itself
can be used for the production of chlorine, caustic,
hydrogen (for additional ammonia synthesis),
hydrochloric acid, and sodium carbonate, and the
bitterns are the raw material for the recovery of
potassium fertilizers, anhydrous magnesium
chloride, magnesium metal, and gypsum for sul-
furic acid and cement manufacture. The caustic,
sodium carbonate, and hydrochloric acid are ma-
terials which also provide for atotally internal
system, if salt is recovered at the complex, of
preevaporation seawater treatment. The economics
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of salt and caustic-chlorine production is discussed

below; the costs. of seawater treatment and re-
covery of other chemicals from solar salt bitterns
are discussed both below and in Appendix 5A.

An arid coastal location provides warm tem-
peratures and considerable sunlight, both pre-
requisites to efficient solar evaporation. The
aridity of such an area also gives fair assurance
of low population density, which is important be-
cause a solar salt works requires many square
miles of land. Impervious ground, where avail-
able, is very desirable. The final general re-
quirement, the need for very flat terrain, will de-
.pend on the topography of the particular area.

In this study for a non-United States solar salt

installation, salt production capacities of 1,000,000

to 5,000,000 tons of salt per year were considered,
which correspond approximately to 3,000 to 15,000
tons/day at a 91% load factor or onstream ef-
ficiency. One million tons per year is considered
a large plant today, but for the future 5,000,000
tons is not unrealistic. For example, the National
Bulk Carriers Corporation currently operates a
3,000,000-ton/year solar salt works in Baja Cali-
fornia and plans to expand it to 5,000,000 tons/
year around 1970 and ultimately to 10,000,000
tons/year.!® At a salt capacity of 1,000,000
tons/year only 1.6% of the brine effluent from a
1000-Mgd seawater evaporator, operating at a
concentration ratio'® of 2, would be utilized by

the solar salt works. At concentration ratios of
2.5, 3, and 4, the percentage of the brine effluent
used would increase to 1.9, 2.1, and 2.4% re-
spectively. At 5,000,000 tons/year a solar salt
works would require slightly more than the total
amount of brine effluent from a 100-Mgd seawater
evaporator operating at an evaporation ratio of 3.
The above data were obtained using the values:
3% NaCl in raw seawater and 75% recovery of
salt.

With regard to the land requirements for solar
salt plants, actual requirements will vary with
the climatic conditions of the area under con-
sideration. In general, for raw seawater, about
40,000 working acres are required per million
annual tons of salt recovery at a 91% plant factor.
When seawater evaporator effluent containing 6%
NaCl (concentration ratio = 2) is the raw material
to the salt works, this area is reduced to about
24,000 wotking acres per million annual tons;

9% NaCl (concentration ratio = 3) requires 16,000
working acres, and 12% NaCl (concentration
ratio = 4) requires 12,000 working acres. This
represents area reductions of 40, 60, and 70%,
respectively, over the raw seawater case and can
result in significant savings in solar ponding
costs. For example, in Fig. 5.17a, for an interest
charge of 10%, if $200.00 per acre is required for
land and land improvement costs (dike construc-
tion, roads, pump houses, etc.), the use of sea-
water concentrated by a factor of 2 would result
in a saving of $0.38 per ton of NaCl in solar
ponding costs; at a concentration factor of 2.6,
$0.50 per ton. These savings are 38 and 50%

of the manufacturing cost of solar salt when the
cost is $1.00 per ton. The cost of solar pond
construction varies widely depending on the ter-
rain of the land and other factors. For salt re-
covery from seawater, the cost may vary from
$100.00 to $300.00 per acre. However, when re-
covering chemicals from concentrated brines like
Great Salt Lake (ten times seawater concentra-
tion), it is possible to justify higher unit costs,
such as $600.00 to $700.00 per acre.

The results of the computer calculations of
solar salt production costs at a foreign plant are
presented in Fig. 5.17b for costs of money, i, be-

15Private communication, National Bulk Carriers
Corporation, New York.

16Gallons of seawater evaporator feed per gallon of
evaporator effluent.
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ORNL-DWG 68-127R2A  tween 2.5 and 20% for the five base capacities
(a) noted earlier. The production costs vary, as
DEVE(!-(%PTMENT shown, from $0.50 to $2.50 per ton of salt. Labor
$500/acre was costed at $0.67 per hour, but labor efficiency
was assumed to be only one-third of that for a
plant in the United States. It is significant that
the median case of a 3,000,000-ton/year plant
under 10% financing produces salt at slightly
under $1.00 per ton, which is the cost of mined
salt in the United States at the mine. Although
not shown, there is a very slight variation of
$300 manufacturing cost with cost of electricity. The
/ values given are for power at 2 mills/kwhr but
apply almost exactly for 1 and 4 mills/kwhr as
/ well. About 2¢/ton must be added when power
_—— $200_| cost is 8 mills/kwhr. The concentrated brine
feed was given zero cost.
/ / Caustic and Chlorine Manufacturing Costs. —
04 . The manufacturing costs of chlorine and caustic

for a number of situations were computed. Since

o

($ per ton of NaCl)
. o
©

\

SAVING ON SOLAR EVAPORATION POND COST

/smo electrolysis of brine is the only really significant
02 T source of chlorine throughout the world, no other

— production method for chlorine was considered.
In these calculations the variables and their
values are as follows:

1 2 3 4
SEAWATER CONCENTRATION FACTOR
30 i Plant capacity, tons/day of C1, 300, 500, 1000, and
(o) 2000

Interest rate, % 2.5, 5, 10, and 20

PLANT CAPACITY
(tons/day NaCl)

43000 Salt cost, dollars/ton 1, 3, 6, and 10

25

The underlined values are, as before, for the
standard or reference case. Variable utility
costs again are the same as those used for am-

\\\
A

monia.

/ A capacity of 500 tons/day of chlorine is average
by present United States standards, but in the
future the average could be 1000 tons/day; the

/ largest chlorine plant today has a capacity of
0 /// :gggg 5000 tons/day. In most developing countries, a
// 1000-ton/day chlorine plant would be large. The
%/ $3.00 per ton cost of salt would be the cost when
transportation is included to deliver the salt
several thousand miles by ocean freighter; for
example, $1.00 per ton solar salt made on the
coast of India is sold at ports in Japan for $3.00

20 /

6000

9000

MANUFACTURING COST ($ per ton of NaCl)

\\

0.5

) 5 10 15 20 25 per ton. 7
/,COST OF MONEY (%) Typical computed costs are shown graphically

in Fig. 5.18a—c for interest rate, plant capacity,
Fig. 5.17. (a) Savings in Solar Evaporation Pond Cost

by Concentrating Seawater Prior to Solar Evaporation at

a Cost of Money, i = 10%; (b) Manufacturing Costs of 17Private communication, U.N. Industrial Develop-
Solar Salt. ment Organization, September 1967.
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and salt cost, respectively, as variables. Each
plot shows the gross manufacturing cost of
chlorine vs power cost in mills per kilowatt-hour.
No break-even power costs are shown since no
comparison with a competing process or situation
was used. The heavy lines represent the standard
case of 10% cost of money, 1000 tons of Cl, per
day, and salt at $3.00 per ton.

Costs of Seawater Treatment. — A cost compari-
son of the four seawater treatment methods listed
in Sect. 5.3.3 indicates that treatment with equi-
molar amounts of hydrochloric acid and caustic
soda is generally the least expensive of all the
alternatives (Sect. 5.3.3) and that treatment with
sulfuric acid is the next most economical. The
HCI1-NaOH method is sensitive to power cost be-
cause it is based on the use of brine electrolysis,
whereas use of sulfuric acid is almost completely
insensitive to power cost. With power at 4 mills/
kwhr the HCI-NaOH method is competitive with
sulfuric acid produced from sulfur at $45.00 per
ton, a very low price under present conditions. A
full discussion of this subject is presented in
Appendix 5A.

5.5.2 Building Block Cost Summary for Magnesium
Chloride, Magnesium Metal, Potassium
Fertilizers, Sulfuric Acid, Portland Cement,
Iron, Steel, Acetylene, and Soda Ash

As previously indicated, production costs for a
number of chemical products were determined in
insufficient detail to make parametric computer
studies; costs for these are summarized here.
These products include anhydrous magnesium
chloride, magnesium metal, potassium fertilizers,
sulfuric acid, and portland cement from seawater;
and iron, steel, acetylene, and soda ash. Suf-
ficient data have been obtained for the production
of seawater chemicals to do a computer cost
analysis, which is planned for the near future.

Costs of Recovery of Chemicals from Solar Salt
Bitterns. — The economics of the recovery of the
seawater chemicals listed above and of the elec-
trolytic reduction of anhydrous magnesium chloride
to magnesium metal and chlorine was studied in
considerable detail. Typical results of these
studies are shown in Table 5.4 for 10% cost of
money, a power rate of 4 mills/kwhr, and United
States conditions. In addition, manufacturing costs
for anhydrous magnesium chloride were also de-
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termined for the non-United States case. Typical
present-day United States f.o.b. prices for the
various products are also given.

For several of the products where high-tem-
perature (22000°F) heat is required, a compari-
son is made between the use of fossil fuels at
50¢/MMBtu and electric heating at 4 mills/kwhr.

As shown in Table 5.4 the cost of producing
magnesium metal, using anhydrous magnesium
chloride produced locally by fossil fuel heating,
was found to be $360.00 per ton under United
States conditions and 10% cost of money. Under
the same conditions the cost of the magnesium
metal smelting step alone was $290.00 per ton.
The above results assumed no credit for the co-
produced chlorine. When a $50.00 per ton credit
is assumed, the two costs given above are re-
duced to $260.00 and $190.00 per ton of metal
respectively. One of the advantages of magnesium
metal production by this method is that it also
produces chlorine (without caustic soda as a co-
ptoduct), which is normally in large demand in
highly industrialized nations.

A more complete discussion on magnesium
metal production costs and the economics of the
recovery of chemicals from seawater is given in
Appendix 5A.

Iron and Steel Production.'!® — The economics
of the production of iron and steel is based on
the eight processing schemes of Table 5.5. The
iron and steel cost study was limited by the fact
that, although a number of alternatives to the
conventional (blast furnace, coke oven, basic
oxygen furnace) steelmaking system have been
tested, insufficient economic data are presently
available on many of the alternatives to make
complete comparisons. Thus the economic study
was limited to a comparison of approximate
capital costs and electrode, fuel, and electric
power costs.

The conclusions of this study are summarized
in Table 5.5. As noted in the table, the cost
figures presented should be valid for the capacity
range of 1,000,000 to 2,000,000 tons of steel per
year, the capacity of interest to the larger de-
veloping countries. At these capacities, all the
alternatives represent a capital investment 20 to
40% below the conventional method (blast-furnace—
oxygen steelmaking). At higher capacities this

lsIrcm and Steel Study prepared by A. M. Squires,
CCNY.



advantage may well decrease or even disappear
since the scaling factor for the massive con-
ventional iron- and steelmaking equipment is less
than the factor for most of the alternatives and
because the need for duplication of equipment for
conventional systems occurs at higher capacities.
Other conclusions which can be made in regard
to capital costs among the various alternatives
of Table 5.5 are that, from a capital-cost stand-
point, electrolytic hydrogen is more expensive to
use than hydrogen from steam-methane reforming
for gaseous reduction of iron ore and that the
electric furnace route to steel is less costly than
oxygen steelmaking and the use of the traveling-
grate prereduction—electric pig—oxygen steel-
making route. Coal, fluid fuel, and electrical
energy requirements and the electrode carbon re-
quirements for the various alternative processes
are also given. Column A presents an optimistic
estimate of the total energy and carbon costs at
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30¢/MMBtu for fossil fuels and 2 mills/kwhr for
electricity; column B gives a more conservative
estimate based on 50¢/MMBtu for fuel and 3
mills/kwhr for power. These data indicate that
the use of electrolytic hydrogen for the gaseous
reduction of iron ore rather than hydrogen from
reforming results in higher energy as well as
higher capital costs. Conversely, the use of
electric steel furnaces results in higher energy
costs than required for oxygen furnaces, thereby
compensating for the capital cost differences.
With regard to the Eketorp direct iron-making
process, the capital costs appear to be in the
same range with the oxygen steelmaking systems,
but the energy costs are somewhat lower. For
the hydrogen reduction process that employs
electrolytic hydrogen, carbiding with carbon
monoxide from a phosphorus-producing electric
furnace or other source, and oxygen steelmaking,
the capital costs are in line with systems using

Table 5.4, Typical Manufacturing Costs for Seawater Chemicals

Cost of money, i = 10%; power cost rate = 4 mills /kwhr

Manufacturing Cost (dollars/ton)

Present

Product

United States (f.0.b.)

United States non-United States

Price (dollars/ton)

Potassium chloride 11 16
Potassium sulfate 17 25
Sulfuric acid and cement?
Fossil fuel heating® 20° 9
Electric heating 28¢d
Anhydrous magnesium chloride 35
Fossil fuel heating® 224 21
Electric heating 379 32
Magnesium metal 700
Fossil fuel heating of MgCl2-6H20, 360
no Cl2 credit
Including $50.00 per ton credit for 260

Cl2 co-product

“Present U.S. (f.o.b.) prices for portland cement and sulfuric acid are $17.00 and $35.00 per ton respectively.
bpossil fuel assumed to cost 50¢/MMBtu.
®Cost per co-ton.

9Break-even power cost for electric heating vs fossil fuel at 50¢/MMBtu is 1.8 mills/kwhr. At this power cost the
manufacturing cost of anhydrous magnesium chloride is $21.00 per ton for U.S. conditions and $19.00 per ton for the
non-U.S. case.
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Table 5.5. Routes to Steel — Preliminary Evaluations for Grass-Roots Plants on the

1,000,000- to 2,000,000-ton/year Scale

v/

Scrap assumed to be unavailable

Capital Cost

Energy Requirements

Cost of Energy and
Carbon (dollars per

Processing Scheme (dollars per

ton per year) Coal (1b)?

Fluid Fuel Electricity 4 o (1b)

Electrode
ton of steel)

b
(MMBtu) (kwhr) Column A® Column BY

Ore sintering + coking + 73 2175 1.5 30 9.00 14.99
blast furnace + oxygen (28.3)

Traveling-grate prereduc- 54 1600 980 8 at 15¢ 9.40 14.50
tion + electric pig furnace (20.8)
+ oxygen

Hydrogen from methane + 44 18.1 645 11 at 30¢ 10.02 14.29
H-iron + electric furnace

Hydrogen from methane + 52 320 18.1 190 7.07 11.72
H-iron + oxygen (Kaldo) 4.2)

Eketorp ‘‘direct’’ ironmaking 52? 17.0 180 5.46 9.04

Electrolytic hydrogen + 53 4480 11 at 30¢ 12.26 16.74
H-iron + electric furnace

Electrolytic hydrogen + 56 320 3930 9.12 13.89
H-iron + oxygen (Kaldo) (4.2)

Electrolytic hydrogen + 48?2 6.0 2130 6.06 9.39
H-iron + carbiding + (as CO)

oxygen (conceptual)

fValues in parentheses are in million Btu.

PMillion British thermal units.

°Fossil fuel at 30¢/MMBtu and electricity at 2 mills/kwhr.
9Fossil fuel at 50¢/MMBtu and electricity at 3 mills /kwhr.

electric fumace steelmaking, and the energy costs
are nearly as low as the Eketorp process require-
ments. Although not shown, use of hydrogen from
reforming might result in even lower costs.

A second comparison was made for a fuel-rich
country such as Kuwait, which might be unable
to market all its natural gas production. In this
case, as shown in Table 5.6 for three of the
routes to steel, the costs for energy are drastically
reduced. These cost advantages are probably not
large enough to be decisive. Costs relating to
supplies of both raw materials and labor could
easily offset the energy-cost advantage. The in-
ability of the fuel-rich country to market its
natural gas is a reflection of the lack of local

markets for all commodities — not merely gas —
and probably also reflects an absence of people.
Finally, the argument that much of the steel
production in the future in developing countries
will result from the purchase and reclamation of
scrap steel from advanced countries, as is done
in industrialized Japan, appears invalid, since
there is a strong trend in the highly industrialized,
large steel-consuming nations to reprocess their
own scrap.
It is our opinion that the results of this study
on alternative routes to steel for developing
countries as compared with the blast furnace
technology appear sufficiently attractive to warrant
further economic studies on the various alterna-
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Table 5.6. Routes to Steel — Rough Evaluations for Grass-Roots Plants in a Fuel-Rich Country
Unable to Market Natural Gas

Energy Requirements

Cost of Energy

Capital Cost Electrode and Carbon
Processing Scheme (dollars per Petroleum Fluid Fuel Electricity Carbon (dollars per ton
ton per year) Coke (Ib) (MMBtu) (kwhr) (1b) of steel)
Hydrogen from methane + 44 18.1 at 10¢ 645 at 0.2¢ 11 at 25¢ 5.85
H-iron + electric furnace
Hydrogen from methane + 52 170 18.1 at 10¢ 190 at 0.2¢ 2.79
H-iron + oxygen (Kaldo) (2.42 at
25¢)
Eketorp direct steelmaking 52? 20.0 at 10¢ 180 at 0.2¢ 2.36

“Million British thermal units (MMBtu).

tives, including the preparation of preliminary
design studies by an architect-engineer, on the
more attractive alternatives to firm up the costs.
The process utilizing the hydrogen reduction of
iron ore followed by fluid-bed carbiding with
carbon monoxide appears sufficiently interesting
to warrant at least some preliminary research and
development.

Manufacturing Costs for Acetylene.'® — A com-
parison was made of the production of acetylene
from naphtha by the electric arc and ‘‘partial
oxidation’’ processes. The assumed plant
capacity (116.4 tons/day) is sufficient for the
production of 250 tons of vinyl chloride per day
by the conventional hydrogen chloride process.

A study of the various electrical processes led
to the choice of the Orbach MHD hydrogen plasma
process using a specific energy consumption of
2.75 kwhr per pound of acetylene produced, and
a yield of 34.5 wt % on the naphtha charged.
Using a naphtha feed value of about 1¢/1b (ex-
refinery), forec<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>