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ABSTRACT

An economic analysis is made of several possible
It complexes that recover chemicals from the
ine discharge of a nuclear desalination plant pro-
Icing 1000 mgd of fresh water with a seawater
mcentration factor of 2. Primary product recov-
y involves using solar energy at an arid desert site

separate out sequentially gypsum, salt, potash
td magnesium chloride by fractional crystalliza-
on. Secondary product production involves using
ectrical and steam energy from the desalination
`ant to obtain cement and sulfuric acid, caustic
Ida and chlorine, and magnesium metal. Caustic
.da and chlorine (as hydrochloric acid) can be
;ed to remove bicarbonate ion from seawater
-ior to fresh water production.
Land requirements for solar evaporation are re-

teed by the availability of evaporator effluent as
starting material. Starting with two times concen-
ated (2x) seawater there is a 40% reduction in
wage for the production of solar salt; with 3x
awater, a 60% reduction. At a 10% cost of
oney, the cost of salt production is reduced 15%
td 25%, respectively; this assumes that the cost of
;e undeveloped land is negligible in comparison to
;e land improvement cost. The processing of 3%
F the brine discharge (2x seawater concentration)
om a 1000 mgd plant would consume 400 mw(e)
F electric power, would require a capital invest-
ent of $95 million exclusive of the nuclear reac-
)r station, would generate an income of $40
illion and would have a break-even power cost of
3 mills/kwhr. Seawater treatment by the Na0.11-
Cl method would compete with the conventional
Ifuric acid method of treatment at a power cost

of 4 mills/kwhr when sulfur costs .$50/ton or 2.5
mills/kwhr when sulfur costs $40/tan. A cost anal-
ysis is also given for a salt complex that utilizes 6%
of the evaporator effluent from the nuclear de-
salination unit.

INTRODUCTION

In June 1967, the Oak Ridge National Labora-
tory began a study of the technical and economic
feasibility 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 com-
plex, shown schematically in Figure 1, might con-
sist of a large nuclear reactor station producing
both electricity and desalted water. In the absence

Figure 1. Nuclear-powered Agro-industrial complex.

*Research sponsored by the U.S. Atomic Energy Commission under
contract with the Union Carbide Corporation.
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Economic Implications of Nuclear Desalination

of a large power grid the electricity would be con-
sumed principally 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
agricultural complex located in a coastal desert re-
gion. An artist's conception of such a complex
(i.e., nuplex) located in a coastal area is illustrated
in Figure 2.

To make this feasibility study, the Laboratory
brought together a full-time study group staff of
16 engineers, economists, scientists, and agricul-
tural experts during the summer of 1967 under the
direction of Professor E.A. Mason of the Massachu-
setts Institute of Technology. This staff was
assisted by six consultants who worked on special
topics and by an advisory panel of 13 distinguished
consultants from industry, government, and aca-
demic institutions. Experts from nine industrial

organizations provided information concerning
capital and operating costs for various industrial
processes, while a large number of other contribu-
tors provided information on various other aspects
of the project. The detailed results of this study
project are published in a series of reports (ORNL-
4290, 1968; Young and Michel, ORNL-4291,
1968; Stout, ORNL-4292, 1969; Tamura and
Young, ORNL-4293, 1969; Squires and Lobo,
ORNL-4294, 1969; Ritchey, ORNL-4295, 1969;
and Goeller and Mrochek, ORNL-4296, 1969).

This paper considers one aspect that was not
fully covered in the general study, namely, the re-
covery of seawater chemicals from the brine con-
centrate that is discharged as a waste from the
nuclear desalination unit. Large dual-purpose nu-
clear desalination units might produce 2000 mega-
watts of electrical power [mw(e)] and 1000
million gallons of desalted water daily (mgd) from
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Figure 2. Conceptual layout of a nuclear-powered Agro-industrial complex.
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2000 mgd of seawater. A portion of the 1000 mgd
of waste brine effluent (2x concentrated seawater),
could be concentrated further by solar evaporation
for primary product recovery since solar energy is
abundant in an arid desert location. Secondary
product production would utilize the electrical and
steam energy available at the nuclear reactor sta-
tion. Various combinations of these separate indus-
trial processes or building blocks would form a salt
complex in which waste effluent brine is the source
for the recovery of a number of basic chemicals.

One of these products, magnesium metal, in-
volves comparatively new production technology
which is expected to result in a 400% growth in the
consumption of the metal in the next decade
(Chemical Week, May 17, 1969). Thus the product
mix of chemicals recoverable from seawater should
revert from one characterized by the production of
bulk commodities like salt and potash, which have
low unit prices, to one that includes the produc-
tion of a high unit priced metal.

This presentation focuses on the economics of
the process and technical details are kept to a mini-
mum. Process building blocks are developed first
followed by two examples of a salt complex.

PROCESS BUILDING BLOCKS
In an arid coastal area, solar energy can be uti-

lized to concentrate evaporator effluent and to re-
cover a number of chemical compounds by
fractional crystallization; further processing can
lead to a variety of product chemicals. One sche-
matic example of such a complex is shown in Fig-
ure 3. Solar evaporation of the brine permits the
sequential separation of a number of primary prod-
ucts: gypsum at 20 to 26°Be, salt at 26 to 30°Be,
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Figure 3. Schematic example of a sail complex.

potash at 33 to 36°Be, and magnesium chloride
concentrate (solution) at 40°Be.

Gypsum can be the raw material for sulfuric acid
and cement manufacture or for the production of
elemental sulfur alone. Salt can be refined and
sold. It can be used also as the raw material for the
production of caustic soda and chlorine, which are
basic chemicals to a whole family of organic and
inorganic end. products. For the nuplex in particu-
lar, both caustic soda and chlorine (as hydrochloric
acid) can be used to treat seawater before nuclear
desalination or to manufacture pulp from the large
amounts of wheat straw that remain as a waste of
the nuplex food factory (ORNL-4290, 1968).
Caustic soda can be used to produce aluminum
oxide (Al 2 03 ) from bauxite, rayon from pulp,
soap from animal fat, or detergents from petro-
leum residues when they are available. Chlorine can
be used to produce a. multitude of chlorinated
hydrocarbons or to manufacture polyvinyl chloride
(PVC) plastic. Potash can be recovered, refined,
and sold as the third component of a balanced fer-
tilizer. Magnesium chloride can be dehydrated and
reduced by fused salt electrolysis to magnesium
metal and chlorine. Other products that are also
retrievable but are not shown in the figure include
bromine at 32° Be and lithium, a by-product of the
purification of magnesium chloride concentrate_
The major use of bromine, of course, is for the
production of ethylene dibromide, an antiknock
additive in . gasoline. Lithium additive to molten
alumina reduces power consumption requirements
for electrolytic reduction of the alumina to alumi-
num metal (Smith and Andrews, 1967).

This paper is concerned only with the primary
and secondary products and the treatment of sea-
water with caustic soda and hydrochloric acid. The
economic building blocks are discussed in the in-
creasing order of their sensitivity to the cost of
electric power; i.e., solar salt, potassium chloride;
caustic and chlorine, sulfuric acid and cement, and
magnesium metal. All costs and income are based
on conditions prevailing in mid-1967, with no
allowance for escalation. Capital investment for
these calculations include only battery limit costs;
offsite costs are added in the salt complex exam-
ples given in the following section.

For all of these illustrations the indirect costs
include recovery of investment, return on invest-
ment, and interest on working capital. Taxes and
local insurance considerations are omitted.. Recov-
ery of investment is based on a service life of 15
years for all industrial plants except the solar salt
operation which is 35 years. It is calculated by the

114.1.
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method that rapidly depreciates the plants in the
later years of the plant lifetime, namely, by the
sinking fund formula,

SFOF = 	
(14-0 n -1

where

SFDF = sinking fund depreciation factor

= cost of money as an annual interest rate

n = investment lifetime (years).

Return on investment is considered at a cost of
money of 2.5, 5, 10, and 20%. Working capital is
based on the cost of 60 days of production at gross
manufacturing cost.

Solar Salt.

Solar salt production, obviously, is least depend-
ent on the cost of power, requiring only 4 kwhr/
ton. It is assumed that 40,000 working acres are
required to produce 3000 tons/day (1 million
tons/yr) of product from ocean water and that the
cost of the undeveloped land is negligible com-
pared with land improvement costs. This land area
can be divided into three categories: the initial
ponds (16,000 acres), intermediate ponds (14,000
acres), and crystallizer ponds (10,000 acres). The
initial ponds could be eliminated if the starting
material is evaporator effluent that is 2x seawater;
at 3x seawater about one-half of the intermediate
ponds could also be eliminated. In the latter case 1
million tons could be produced annually on less
than 50% of the land required if ocean water is the
starting material.

Figure 4 shows the effect of power cost, cost of
money, seawater concentration factor, and plant
capacity on the total manufacturing cost of solar
salt production. Figures 4(a) and 4(b) show that
the cost of power has practically no effect on the
product cost; however, product cost is sensitive to
the cost of money because of the high capital in-
vestment for the process. For example, the manu-
facturing cost for a 3000 ton/day (1 X 106
tons/yr) plant at a 10% cost of money is about
$1.87/ton of NaC1 at power costs ranging from 1
to 8 mills/kwhr; as the cost of money goes from
2.5% to 20%, however, the manufacturing cost
jumps from about $1.40 to $2.65/ton of NaCI, an
increase of almost 90%.

The seawater concentration factor has a signifi-
cant effect on the manufacturing cost. As illus-

Figure 4. Manufacturing cost of solar salt from seawater and sea-
water concentrate.

trated in Figure 4(c) for a 10% cost of money,
there is a 15% drop in cost when 2x seawater is the
starting material, and there is a cost reduction of
25% with 3x seawater as the starting material.
When using ocean water, solar salt can be produced
for $1/ton or less at plant capacities of 12,000
tons/day (4 X 10 6 tons/yr) or more. If seawater
concentrates are used instead of ocean water, solar
salt at $1/ton can be obtained at lower plant capac-
ities: at 2x seawater, a salt plant of 9000 tons/day
(3 X 106 tons/yr) or more is required: at 3.5x, a
plant size of only 6000 tons/day (2 X 106 tons/yr)
is needed.

Over a period of time it is not unreasonable to
expect that the soil base of the solar ponds will
become increasingly impervious, that the leakage
losses will be smaller and that the yield of salt per
acre should be larger. This factor is difficult to
evaluate in a general discussion and its effect on
salt production costs is not included here (ORNL-
4290, 1968, p. 211).
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2ssiunt chloride.
he recovery of potash from an all-chlorine

tem involves the simultaneous crystallization of
nallite (KCI •MgC12 • 6112 0) and halite (NaCI)
rn salt bitterns in the NaCI to KC1 ratio of about
to 1, the separation of camallite from halite by
onventional amine flotation, and the leaching of
nallite with salt bitterns recycle liquor, which
solves MgCl 2 and leaves KCI as solid crystals.
wer requirements for this process are relatively
all at 70 kwhr/ton of KCI.
The manufacturing costs decrease with increased
int capacity and are not significantly influenced
power costs or the cost of money. The capital

iestment for this process includes only the sepa-
ion and purification of potassium chloride with-
it any ponding costs, which are minimal
mpared with the ponding costs of recovering
lar salt. As shown in Figure 5, at a 10%© cost of
oney the cost of potash production changes very
tie, i.e., from about $11 to about $11.50/ton of
CI for power costs ranging from 1 to 8 mills/
AThr. Increasing the plant capacity tenfold from
50 tons/day (50,000 tons/yr) to 1500 tons/day
;00,000 tons/yr) could drop the cost from $15 to
7/ton of Ka.

Figure 5. Manufacturing cost of potassium chloride from solar salt
bitterns.

In view of the current large excess supply of
potash, it is necessary to include a statement about
the advantages of producing potash at seaside.
Logistics play an important role in potash eco-
nomics. The largest sources of supply are the in-
land areas of Canada and the United States.

Canadian-produced potash costs $23/ton of potas-
sium chloride F.O.B. port of embarkation. This in
eludes a production cost of $14 F.O.B. Saskatche-
wan, and the minimum charge of $9/ton (Chemical
Week, 1968, p. 47) for shipment by rail from Sas-
katchewan to Vancouver, British Columbia, on the
west coast. The price to an underdeveloped coun-
try lik e India, including additional shipping
charges, is about $40/ton. Thus potash produced
locally by solar evaporation of evaporator effluent
at a cost of $11 to $12/ton would provide a con-
siderable saving over the imported product. More
importantly, foreign exchange supplies would be
conserved. At present there are no known large
supplies of natural potash in the Asian countries,
and they rely on American and European supplies
to furnish their needs.

Caustic soda and chlorine.

Electrolysis of a saturated salt solution in a dia-
phragm cell* yields chlorine, hydrogen, and a caus-
tic soda solution containing an equimolar quantity
of unelectrolyzed salt. When produced for sale,
caustic is concentrated to at least 50% NaOH by
evaporation; in the process, salt is recovered and
recycled to electrolysis. Power requirements are
3200 kwhr/ton of C12 ; an additional 100 kwhr/ton
are required for caustic concentration.

The manufacturing cost of caustic-chlorine pro-
duction is shown in Figure 6 as a function of
power cost, cost of money, salt cost, and plant
capacity. For a plant capacity of 1000 tons/day of
Cl,2  a reduction in power cost from 6 to 4 mills/
kwhr reduces the manufacturing cost from about
$47 to $39/ton of C1 2 when the cost of money is
10% and the cost of salt is $3/ton. The manufac-
turing cost is the combined cost of producing 1.0
ton of chlorine and 1.1 tons of caustic but is ex-
pressed in the conventional manner of cost per ton
of chlorine.

Caustic-chlorine production offers the possibil-
ity of using caustic soda, hydrochloric acid, or any
combination of these reagents for seawater treat-
ment prior to nuclear desalination (Yee, 1968).
Distillation of seawater (Office of Saline Water Re-
port NP-16361, 1965, p. 218) without treatment

*Mercury cells are also used for brine electrolysis; here, concen-
trated caustic soda is obtained directly along with chlorine. In this
paper, the diaphragm cell method is used in the cost analysis be-
cause caustic soda concentration is optional. When dilute caustic
soda can be used, as, for example, in seawater treatment prior to
nuclear desalination, no capital investment in a caustic concentrator
is required, and the capital cost of the diaphragm cell process is
cheaper than the mercury cell process.
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Figure 6. Manufacturing cost for production of caustic soda and
chlorine.

limits the efficiency of fresh water recovery be-
cause of the formation of alkaline scale [CaCO 3 ,
Mg(OH) 2 ] at 170 to 180°F and the deposition of
this scale on heat transfer surfaces of the desalina-
tion unit. Removal of the bicarbonate ion in sea-
water prior to desalination allows the evaporator
temperature to go to a maximum (Yee, 1968 and
Office of Saline Water Report NP-16361, p. 218)
of about 260 and 270°F. This can be done either
by acid treatment, which converts the bicarbonate
ion to carbon dioxide gas, or by caustic treatment
which yields the carbonate ion and, in turn, com-
bines with the calcium ion present in seawater to
precipitate calcium carbonate. Removing a fraction
of the calcium ion in seawater in addition to com-
plete bicarbonate ion removal allows an even

higher evaporator temperature (Marshall and
Slusher, 1968, p. 83). The mechanism for these
reactions is

Ca'

CO 2 4 H 2 O Er 11C13 - OH-  CC3 + H 2 O

CaCO 3

The freedom to choose either method of sea-
water treatment offers economic advantages in
marketing situations where product demand is not
in balance with the coproduced caustic and chlo-
rine (1.1 ton NaOH/1 ton NaOH/1 ton C1 2 ). For
example, in industrialized nations (e.g., the United
States) the demand for chlorine is greater than that
for caustic soda (Chemical Engineering, 1967, p.
128) so that NaOH treatment of seawater is a sink
for surplus caustic. In a developing nation like
India, the reverse is true (United Nations Publica-
tion E/CN.11/635, 1963, p. 356) so surplus HCI
could be used initially to treat seawater. As the
nation becomes more industrialized, the ratio of
NaOH to HO used for seawater treatment could be
varied according to the marketability of caustic
soda and chlorine. In the extreme, all of the chlo-
rine could be marketed and surplus caustic could
be used for treating seawater, as in the U.S. case.
Alternatively, all of the caustic and chlorine could
be utilized in a closed-cycle process for seawater
treatment.

Nuclear desalination in a coastal desert region
offers the advantage of abundant solar energy for
recovering salt, cheap power to convert this raw
material into caustic soda and chlorine, and a de-
gree of freedom to select a method of seawater
treatment that utilizes either surplus chemicals not
marketed or the entire plant output in a closed-
cycle process. Later in the paper a cost analysis of
the closed-cycle process is made for two specific
salt complexes which include the treatment of
2000 mgd of seawater to produce 1000 mgd
fresh water.

Cement and sulfuric acid.
Gypsum (CaSO 4 2H2 0), recovered by solar

evaporation of salt bitterns, can be reacted with
sand, clay, and coke at 2300°F in a kiln or flu-
idized bed to produce cement clinker; the accom-
panying sulfur dioxide off-gas can be converted to
concentrated (96%) sulfuric acid by the contact
process. Power requirements are small at 200
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kwhr/ton of H2 SO4 if fossil fuel is available to
furnish about 11 million Btu/ton of H2 SO4 ; in an
all-electric system, the power requirement is about
3400 kwhr/ton of H2 SO4 .

The manufacturing cost is shown in Figure 7 as a
function of power cost, cost of money, and plant

Figure 7. Manufacturing cost of sulfuric acid and cement from solar
salt bitterns.

capacity. A comparison is also made between fossil
fuel and electricity as a source of heat; utilization
of fossil fuel is assumed to be 65% (Moditz et al,
1965, p. 2405) and that for electricity, 95%. The
gypsum requirement is 2 tons for each ton of ce-
ment clinker and sulfuric acid produced.

For a 1000 ton/day plant and at a 10% cost of
money, the manufacturing cost of producing 1 ton
of cement and sulfuric acid is reduced from about
$40 to about $20/ton when the cost of power is

reduced from 8 to 2 mills/kwhr. The breakeven
power cost for the all-electric process to be corn-
petitive with fossil fuel is 2.5 mills/kwhr. Unit
operating costs are minimum at 1000 tons/day be-
cause labor requirements are the same even if
capacity is lower; larger plant capacities require
constructing a two-unit plant (personal communi-
cation, Simon-Carves, Chemical Engineering Ltd.,
March 1968)..

Magnesium metal.
Magnesium metal can be produced from

MgCl2 -rich solar salt bitterns by spray drying and
dehydrating at 1200 to 1650°F to produce
MgC1 2 -xMg0, by chlorination to reconvert the
oxide to MgC1 2 , and by fused-salt electrolysis to
produce magnesium metal and chlorine (Chemical
Engineering, 1969, p. 60 and ORNL-4290, 1968,
p. 204). It is assumed that 4.4 tons of anhydrous
MgC1 2 is required per ton of metal produced. This
brine concentrate-MgC1 2 process produces chlorine
whereas the traditional seawater-Mg(011)2 process
consumes chlorine. Utility requirements include
115 million Btu/ton of magnesium for fossil fuel
(assuming 65% fossil-fuel utilization) and 20,000
kwhr/ton for electricity. In an all-electric system
(assuming 95% power utilization), 42,000 kwhr/
ton is required.

The manufacturing cost is shown as a function
of power cost, cost of money, and plant capacity
in Figure 8, A cost comparison is also made be-
tween using fossil fuel at $0.50/10' Btu as a heat
source and using electric power. For a plant capac-
ity of 150 tons/day (50,000 tons/yr) and a 10%
cost of money, the manufacturing cost drops. from
$570 to $310/ton of magnesium metal as the
power cost decreases from 8 to 2 mills/kwhr. If a
credit of $5.0/ton is allowed for the coproduct
chlorine, the cost of magnesium is cheaper and
drops to $460 and $210 for electricity costs of 8
milIs/kwhr and 2 mills/kwhr, respectively. The
market price for magnesium in the United States is
about $700/ton while in Germany where semi-
competitive conditions prevail, the price is about
$520/ton (Jackson, 1969, p. 116). The cost calcu-
lations assume a net yield of 2.2 tons of chlorine
per ton of magnesium metal produced; 0.5 ton of
the total 2.7 tons of chlorine produced is used to
reconvert MgO to MgCl 2 . The breakeven power
cost for the all-electric process to become competi-
tive with the process including the use of fossil fuel
is 2.4 mil/s/kwhr.

Initially, the demand for magnesium in a devel-
oping nation may not be sufficient to warrant
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Figure 8. Manufacturing cost for the production of magnesium
metal from magnesium chloride obtained by solar evaporation of
salt bitterns.

investing in a magnesium metal plant. However, the
potential for solar evaporation in an arid coastal
region, together with the cheap electric power
available at the complex, could be used to advan-
tage to produce anhydrous MgC1 2 , which could be
exported to industrialized nations for reduction to
metal much as the bulk commodity alumina is
shipped today from one location to another for
production of aluminum metal.

SALT COMPLEXES

Solar-evaporated product yields are based on the
assumption that 6500 million gallons of 2x concen-
trated seawater per year (30 mgd) are required to
produce 1 million tons of solar salt annually. The
brine volumes include a 20% allowance for ponding
losses and assume a 75% salt recovery of the re-
mainder. Potash and anhydrous magnesium chlo-
ride yields are based on a NaCI to KC1 ratio of 40
to 1 and an anhydrous MgC1 2 to KC1 ratio of 6 to
1.

Two examples of a salt complex are given. The
first example, as shown in Figure 9, utilizes about
3%© of the 1000 mgd of effluent brine to produce

Figure 9. Flowsheet of a salt complex utilizing 3% of the 2x concen-
trated brine effluent from a l000-mgd nuclear desalination plant.

about 500 tons of cement per day, 500 tons of
sulfuric acid per day, 115 tons of potassium chlo-
ride per day (37,500 tons/yr), 150 tons of magne-
sium per day (50,000 tons/yr) together with 330
tons of chlorine per day (111,000 tons/yr). A total
of 4500 tons of solar salt (1.5 X 10 6 tons/yr) is
also produced; of this, 1750 tons/day is used for a
caustic-chlorine plant with a capacity of 485 tons
of C/ 2 per day, and the balance is sold. The prod-
uct chlorine and hydrogen are recombined to ob-
tain hydrochloric acid. All of the caustic together
with 15% of the HC1 is used to treat 2000 mgd of
seawater prior to nuclear desalination, which pro-
duces 1000 mgd of fresh water. The balance of this
HCl together with HCl obtained as a byproduct
from the production of anhydrous MgC1 2 * is used
for producing calcium chloride, which is added to
the bitterns to completely precipitate gypsum prior
to solar salt recovery. Additional calcium values are
obtained by recovering calcium carbonate solids
precipitated from the caustic treatment of sea-
water, by calcination and hydration to produce
calcium hydroxide, and by reaction with HCl to
obtain CaCl 2 .

The second example of a salt complex (Fig. 10)
considers the utilization of 6% of the effluent brine

*Hydrochloric acid is one of the decomposition products of hydrol-
ysis of MgCl2 • xH2 0 which occurs during the dehydration step to
produce anhydrous MgC12-
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10. Flowsheet of a salt complex utilizing 6% of the 2x con-
tted brine effluent from a 1000-mgd nuclear desalination

)btain a two-fold increase in each of the prod-
except for caustic-chlorine. This plant capac-

las only to be increased to 615 tons of C1 2 per
to obtain adequate hydrochloric acid for cal-

1 chloride production and NaOH and HCl for
tment of 2000 mgd seawater. Out of a total of
0 tons of salt produced daily (3 X 106 tons/
about 2250 tons/day is required for caustic-

trine production while the balance is sold.
olar evaporation in conjunction with nuclear
Ilination is most feasible in remote arid coastal
;rt regions where the cost of undeveloped land
significant compared with the cost of land im-
vement. Locations such as the Magdalena Plain
Baja, California, or the Kutch Peninsula in
hwest India are examples of such remote re-
is. Practically all coastal land in the United
es is relatively expensive compared with the

.en coastal deserts of developing nations.
'able 1 gives a summary of two salt complexes.

capital cost of each plant is assumed to be
ter than that in the United States by a factor of
2; i.e., 60% of the capital items is assumed to be
orted to the remote complex site and the cost
ssumed to be 1.2x that in the United States (or
er supply country) because of transportation
:s, while the remaining 40% is indigenous and
aservatively) costs the same as in the United
tes (1.12 = 0.6 X 1.2 + 0.4 X 0.1) (ORNL-
0, 1968, p. 19).
The cost of offsites is added to the total battery
is plant costs to allow for the cost of such
port facilities as maintenance shops, administra-

facilities railroads, roads, etc. Two functions
used for determining the offsite cost (ORNL-
10, 1968, p. 82): the first is for the range of 10 5

to 10' dollars of total battery limits capital invest-
ment or

0.25/10 X sum of battery limits plant costs in
dollars X 10-6 ) 0 -097 ; while the second is for the
range of 10' to 10 9 dollars or

0.128/(sum of battery limits plant costs in dol-
lars X 10 -6 /100) " 29 . Thus offsite capital costs
are $1.5 million for plant investment of 10 7 dol-
lars, $13 million at 10' dollars, and $60 million at
109 dollars.

For the salt complex that processes 3% of the
waste brine effluent, about $40 million dollars of
product value would be generated annually, about
400 mw(e) of electricity would be required and the
capital cost of the complex excluding investment
for power generating facilities would be about $95
million including $11 million for offsites. If 6% of
the waste brine is processed, the annual product
value would be $82 million, the amount of electric-
ity would be 750 mw(e) and the capital cost would
be $148 million including $16 million for offsites.

A cost analysis of each salt complex is given in
Figure 11 as a function of the cost of power. The
volume of brine effluent utilized is purposely kept
low in these illustrations to maintain reasonable
plant capacities. With 3% of the waste brine efflu-
ent used and with $40 million of annual income,
the break-even power cost is about 5.3 rnills/kwhr
at a 10% cost of money. Doubling the amount of
effluent used makes the break-even power cost
even more attractive at 7.2 mills/kwhr. The annual
labor costs used in this analysis are assumed to be
one-half of those in the United States; that is to
say, the individual labor cost is assumed to be

Figure 11. Non-U.S. salt complex utilizing 5% and 6% of the 2x
concentrated brine effluent from a nuclear desalination unit produc-
ing 1000-mgd of fresh water.
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sixth of the U.S. labor rate of $4.00/man-hr or
7/man-hr but the efficiency of non-U.S. labor
sumed to be one-third of the U.S. worker.

overhead is assumed to be 60%© of operating
(ORNL-4290, 1968, p. 20).
each of the examples given, seawater treat-

s in connection with nuclear desalination has
included as part of the complex. The capital

irements for auxiliary equipment vary for sea-
r treatment by the NaOH-HCI method: the
er the fraction of seawater treated with caus-
the greater the investment in clarifying equip-
t to separate out the precipitated calcium
onate solids. Acid treatment requires an invest-
t in a hydrogen-chlorine recombiner to obtain
-ochloric acid, but the cost is small compared

the cost of the clarifiers. For 2000 mgd of
rater, caustic treatment alone would require a
tal investment of about $11.5 million in clar-
equipment; for acid treatment alone only $0.2

0.3 million would have to be spent on a hydro-
chlorine recombiner. In the salt complex utiliz-
3% of the brine effluent, caustic treatment is
n to about 70% of the seawater, and the clar-
equipment casts about $8 million. In the corn-

: utilizing 6% of the effluent, caustic treatment
iven to about 85% of the seawater, and the
,fier equipment costs $10 million.
he NaOH-HCI method, which is sensitive to
rer cost, is compared with the conventional
hod of adding sulfuric acid (Yee, 1968 and
lL-4290, 1968, p. 205), in Figure 12. Sulfuric
. is sensitive to the cost of elemental sulfur, a
material used for acid production. Cost esti-

es are also given for two other methods of sea-
er treatment that are in the development stage:

suppression (Cadwallader, 1967, p. 42) and
lime-magnesium carbonate (LiVIC) process (Of-
of Saline Water Report 192, 1966).

tt a 10% cost of money and 3% utilization of
to effluent, the break-even power cost is 4
s/kwhr when the cost of sulfur is $50/ton and
tills/kwhr when sulfur is $40/ton. For the case
izing 6% of the brine effluent, a greater volume
seawater is treated with caustic, there is a
tier cost for clarifier equipment, and this lowers
break-even power cost to 2 mills/kwhr when

ur is $50/ton and less than 1 mill/kwhr when
ur is $40/ton. In general, NaOH-FIC1 treatment
:heaper than CO 2 suppression and the LNIC
cess.
he economics of using the NaOH-HC1 method

treating seawater has been restricted in this dis-
sion to the case in which the total caustic-

COMIT-0,25
It: 2MA) 472 somete TREATED

COO Wi i FRFSK WATER PRM22-CM, E26P0RATDA BANE SCNCEnTRA2,021 L2C202• 2
SEWTE5 7MA224.2%2 VEYKO125

A.,50.*TH VAMAME StA,Auk (AM,
C21	 AftD/OR NAM. CAM 7-3Q% 52 K2 TM 52 WO+, CAM 2-'2% 5220, 52% 52 NoC12,
12) 00 1 Si2Ar37ESS.1%

tAAE 5252514.25 CAF 5221	 R55) ss

Figure 12. Cost of seawater treatment in a salt complex using caus-
tic soda and hydrochloric acid and a comparison with other treat-
ment methods as a function of power cost and cost of money.

chlorine capacity is consumed internally within the
complex, specifically for seawater treatment and
CaCl2 production. If there is an alternative use for
caustic other than for seawater treatment, such as
in rayon pulp production from wheat straw, a
greater fraction of the seawater could be treated
with HCI, and the capital investment in auxiliary
clarifier equipment together with the cost of sea-
water treatment would be reduced. For example,
with equimolar treatment, NaOH treatment of
one-half of the 2000 mgd seawater and HCI treat-
ment of the other half, the clarifier cost would
drop to $5.7 million, the break-even power cost
would be 4.5 mills/kwhr at a sulfur cost of $50/ton
and 3 mills/kwhr at $40/ton of sulfur. Sulfur costs
in developing nations like India are higher than in
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he United States and range from $60 to $80/ton
ORNL-4290, 1968, p. 62).

In summary, the salt complex by utilizing the
Naste evaporator effluent stream, the abundantly
available solar energy, and the electrical and steam
:nergy from the nuclear plant can furnish basic
:hemicals to a developing nation including magne-
ium metal, can supply potash to provide a bal-
tnced fertilizer for the nuplex food factory, and
:an provide the caustic and hydrochloric acid for
economic treatment of seawater prior to nuclear
lesalinati on .
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