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PRINCIPLES OF DESALINATION

N. Lior

Department of Mechanical Engineering and Applied Mechanics
University of Pennsylvania
Philadelphia, Pennsylvania 19104

ABSTRACT

A review of the principles of the major desalination processes is pre-
sented, with emphasis on the energy required for the separation
process. The types of energy, heat, mechanical,and electrical, used in
these processes are described and the method for comparing them on a
common basis is discussed, both from the first-law and second-law
aspects. The way to determine the minimal separation energy for de-
salination is described, and typical values are presented. In real
processes, the energy required is about 10 to 50 times higher than the
minimal. Solar energy conversion to thermal energy at different
temperature levels, and to mechanical work,is described, and values
of typical conversion efficiencies are given. It appears that for
seawater desalination, solar stills are approximately competitive with
more advanced systems where the sun is used to generate higher
temperature heat, or power, for use in an efficient distillation,
freezing, RO, or ED plant. This would change to the advantage of the
latter systems as their efficiencies and effectiveness dincrease.

DESALINATION PROCESSES

Separation of water from salts in an aqueous salt solution can be ob-
tained by a number of different processes. A brief review of the
principles and energy-characteristics of the major ones is provided
below. Much more detailed information can be found in [1-3].

In distillation, the solution is brought to a thermodynamic state in
which the more volatile component (ﬂZO) is separated by evaporation
from the less volatile salts. This state can be attained either by
raising the temperature of the solution at constant pressure, or by
lowering the pressure at constant temperature. The first process can
be produced either by supplying heat directly, or by mechanically com-
pressing the emanating water vapor to a higher pressure and, consequent-
ly, temperature, so it could transfer heat by condensation to the eva-
porating brine. The second process can be produced by condensing the
vapors by using coolant which has a lower temperature, in a vessel
essentially evacuated of non-condensables. This process can, for ex-
ample, be obtained by evaporating water from the ocean's surface in
evacuated vessels, where the condensers are cooled by colder seawater
from the ocean's depths, such as envisaged in the ocean-thermal energy
conversion concept.




The most common commercial desalination processes using direct heat

are multi-stage flash evaporation (MSF), multi-effect distillation

such as in the horizontal tube multi-effect (HTME) and vertical-tube
evaporator (VTE) concepts, or single-effect evaporation, such as in
basin-type solar stills. Commercial distillation processes typically
operate at temperatures below 120°C, dictated by the need to minimize
CaS0, scaling.

In freezing, the solution is brought to a thermodynamic state in which
the component with a higher freezing point (H,0) separates itself by
crystallizing within a saline solution which thus becomes increasingly
concentrated and which consequently has a progressively lower freezing
point. The crystals are then washed from the salt and consist of pure
water. The separation of the water from the salt during freezing can
be clearly seen on the phase diagram of seawater, where, for salt
concentrations below the eutectic ones, the water component is the
first to separate by freezing as the temperature is lowered. Naturally,
lowering the temperature further below a given level, would start also
the precipitation of salts, which is undesirable in this process.
Typically, the process operates between ~-5°C (freezing temperature of
seawater) and the ambient air temperature (melting of product).

Two desalination processes utilizing the selective transport properties
of membranes are Reverse Osmosis and Electrodialysis. In both, a mem-
brane which has a high rejection to the passage of one of the compo-
nents (either water or salts) separates the highly saline salt solution
from the more dilute one. To overcome the electrochemical potential
difference which arises from this difference in concentration and

which tends to create flows that reduce it, an opposing thermodynamic
potential is applied. This potential is made large enough to generate
a flux in the direction which increasingly separates the two components.
In reverse osmosis this potential is pressure applied to the more con-
centrated solution, and it needs to be larger than the osmotic pressure
difference between the two solutions to provide a positive net flux of
H,0 through the membrane, towards the side which has the lower salt
concentration (the product side). In electrodialysis, the potential

is DC electric voltage which makes the salt ions move towards poten-
tials of opposite sign. By placing the solution which needs to be
desalted between a cation-permeable membrane and an anion-permeable
one, it will become gradually depleted from the salt ions which in-
crease in concentration in the channels on the opposite sides of the
membranes, and will hence be able to supply desalted water.

In both of these "selective transport" processes, it is not necessary
to have a phase change of the solution to desalt it, as is required in
destillation and freezing, and they operate at essentially ambient
temperature, An exception is the possibility of electrodialysis of
saline water at elevated temperatures. This was shown to require less
energy than operation at ambient temperature mainly because of higher
electric conductivity and lower viscosity of the solution [4]. This
process, however, is not widely used.

Phase change needs a relatively large energy investment, the magnitude
of which is almost independent of the concentration of the solution.



To make these processes commercially acceptable, this energy needs to
be recovered as best as possible, by techniques such as feedwater pre-
heat by condensing the product,in the MSF and vapor-compression pro-
cesses, and by using this heat of condensation for both feedwater pre-
heat and evaporation at a lower pressure, as done in multi-effect
installations. These techniques, however, increase the cost of the
plants and their complexity. As indicated above, the magnitude of the
driving potential in the selective transport processes is proportional
principally to the concentration gradient between the concentrated and
dilute solutions, i.e. to the salinity of the feedwater. The energy
required for desalination is thus proportional to the salinity of the
feed and to the desired flux of the product, and, for low-salinity feeds
is typically lower than that required to change its phase.

Table 1 below summarizes the different types of energy inputs for these
major desalination processes.

ENERGY TYPE
PROCESS HEAT MECHANICAL

"DISTILLATION: MSF, MEF at 70-120°C

VAPOR COMPRESSION electric motor,I.C.
steam ejector, or engine, turbine

FREEZING vapor compression
absorption cooling cooling; motor-,en-
cycle, or gine-, or turbine-
T driven vapor compres
sor

REVERSE OSMOSIS electric motor-,
engine-, or turbine-
driven high pressure
pump

ELECTRODIALYSIS DC electric current

Table 1: Types of energy used in desalination processes

Before discussing the energy requirements of desalination processes, it
is thus necessary to realize that the "quality" of the exergy (2d law)
must be considered in addition to the commonly presented quantity or
efficiency (I1st law). This quality can be expressed as the exergy

(or "essergy", [5]), or even as the actual cost of a unit of energy.

It allows us thus to evaluate the different potentials to do work, or
the different costs of the same unit of energy (say, Joule) when ob-
tained in the form of mechanical shaft power, or electrical energy, or
heat supplied at different temperatures.




Heat is usually generated at temperatures far above those needed for
the desalination process (typically for distillation), since it
originates from combustion (or nuclear fission) at temperatures of
about 1000°C or more. If the temperature of the steam is degraded

down to about 120°C or less needed for desalination, a large potential
to do work (say, generate power) between these two temperatures is lost.
It is thus desirable to discount the heat used for desalination by

the amount of work it can produce from the origination temperature of
the steam (say about 500°C) and down to the temperature at which it is
used for this desalination process. Thermodynamically, the criterion
for the quality of the heat source is its exergy, e:

e = E + FbV - TOS - (EO + POV0 - TOSO) (])
where E = energy P = pressure
V = volume T = absolute temperature

S

The subscripts o denotes the state of equilibrium.For an open system,
the steady-flow exergy e:
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entropy

eg=H- TS - Z“foNi = H- TyS - (Hy - TyQ) (2)
for Ni = Nio’ where

My E Gibbs chemical potential of component i

N. = amount of component i(say in moles)

1

From the economic standpoint, the above discount can be applied, allo-
cating the full cost of steam generation to the highest temperature
steam from the boiler (~500°C), and assuming that steam (or hot water)
at ambient condensation temperatures (say 40-50°C) has no economic
value.

When mechanical energy is applied, it is directly interpretable as
exergy, however each unit of work requires in real, conventional plants
the expenditure of about 2.5 to 4 units of heat, depending on the ef-
ficiency of the power plant, and in the case of electric power, also

on the efficiency of the electric generation and distribution system.

The least amount of heat needed to produce a unit of work would occur
if an ideal (reversible) thermodynamic cycle would be empioyed between
the temperatures of the heat source and the ambient (T and Ty, respec-
tively), where

}
gy = Q (1 = 78 (3)

In summary, the exergy of heat and work sources, as expressed in egns
(1-3) serves as the common thermodynamic base for the comparison of
energy..sources needed to operate desalination systems. Reversible
processes are implicitly assumed and the results are thus an upper
1imit ‘of performance. A more realistic criterion for the comparison
of commercial processes is the heat source's potential to do work via
real (irreversible) processes, i.e. based on actual efficiencies.




Finally, desalination processes need auxiliary energy for purposes such
as pumping and instrumentation. Although pumps may be driven by waste-
steam turbines or internal combustion engines (both operating from a
heat source), typically the energy is electrical. The amount of the
auxiliary energy is of the order of up to 3% of the total and hence

has a heat equivalent of the order of 10% of the total. The impact

of the auxiliary energy requirements needs careful scrutiny, especially
where solar energy is to be utilized: whereas the plant may operate
well and economically with solar heat at relatively low temperatures,
the need for shaft of electrical power by the auxiliaries may force

the provision of significantly more expensive systems for that purpose.

In closing, it is noteworthy that another criterion for the comparison
of different types of energy inputs, which is used when a major ob-
jective is the substitution of one energy resource for another (say, to
conserve 0il), is the "Resource Energy" value of each type (cf. [6]).
A1l energy values there are expressed in terms of the energy-value of
the resource to be replaced.

THEORETICAL MINIMUM ENERGY REQUIREMENT FOR DESALINATION

The reversible, isothermal, isobaric, differential (no mixing of solu-
tions of different concentrations) process with zero yield (infinitesi-
mal amount of water is separated out) requires the least amount of
work, Wpey, to proceed, which is equal to the change in the Gibbs Free
Energy between the final and initial states of the system [7-9].

wY‘EV - (Ag)Po,To (4)
where g = Gibbs Free Energy per mole of product, and
6 = oy = g4, (5)
where

uy = electrochemical potential of component i

j = moles of component i

N
W

moles of water,

and if heat is applied to the process too, it is converted to its work-
equivalent via eqn (3), and thus eqn (4) becomes

T
- =0 =
Urey (1 T ) + wrev (Ag)PQ;TO (6)

Work needed for the differential process, removing a small increment
of water dN from the solution at each unit of time, is

dW = (AG)dN : (7)

or assuming water vapor at low pressure to be an ideal gas:

N» No b
W =f RTQnaBdN =f RTm(ﬁ—)dN (8)
Ny Ny 0




where N, and N, are the initial and final number of moles of salt solu-
tion, R is the universal gas constant, ag is the activity of water in
the salt solution, and P is the vapor pressure of pure water at the
process temperature T. For desalination of a 3.50% NaCl solution of
an ambient temperature of 25°C, and for zero yield, the very least
separation energy is shown by (7) to be 2.98 kW-hr /1000gal. water,

or 2.83 kd/kg water. For 50% recovery of water, this energy increases
to 4.12 kW-hr/1000 gal. (3.91 kJ/kg), and for 90% recovery it is 8.40
kW-hr/1000 gal. (7.98 kJd/kg).

Relaxing the restrictive assumption of ideal gas, the separation work
for real solutions was computed in [8] by means of an extended
Debye-Hiickel equation, and is presented in Table 2.

Temperature % recovery of fresh water
°C 0 25 50 75

25 2.55 2.91 3.52 4,80
(2.68) (3.06) (3.70) (5.04)

75 2.96 3.43 4.16 5.72
(3.11) (3.60) (4.37) (6.01)

125 3.31 3.82 4.63 6.34
(3.48) (4.01) (4.86) (6.66)

Table 2: Minimal Energy of Separation of Pure Water
from Normal Sea Water of 3.45% wt. % Salt,
kd/kg fresh water (kW-hr/1000 gal. fresh water), [8].

In distillation, the minimal driving force is the boiling point eleva-
tion, as seen in egn (8), however the separation energy in real pro-
cesses increases above the values of Table 2 due to irreversibilities,
such as mixing of solutions of different concentration (which is in-
creasingly aggravated with the difference in concentration), noniso-
thermality due to the need to change phase or transfer heat, and
transport and rejection losses. Polarization losses occur in membranes
processes, and solution and membrane resistance (in electrodialysis)
add to the work of separation. The separation energy increases with
the concentration of the desalted solution: it almost triples when
the concentration is doubled to 6.9%.

In practice, the energy needed for desalination is about 12-to 50-fold
larger than the minimal energy of separation, which only serves as the
lower thermodynamic limit. In addition to the energy of separation,
auxiliary energy is needed for pumping and other purposes. As a matter
of fact, although it may be energetically desirable to operate at the
lowest recovery ratios, this increases the pumping power. The total
energy (separation and pumping) thus goes through a minimum for a
certain recovery ratio.

Typical energy consumption for major desalination processes is shown
in Table 3.




PROCESS FEATURE PERFORMANCE kd/kg  PUMPING
FACTOR, Water  ENERGY,
1b Water/MBtu kd/kg

Water
DISTILLATION Single-Effect 0.95 2443 14-33
Waste-Heat ‘
DISTILLATION 90°C 8 290 8-10
MSF
DISTILLATION 120°C 12 193 6- 8
MSF
DISTILLATION 71°C 8 290 4- 6
MEF
DISTILLATION 120°C ' 15 155 4- 6
MEF
VAPQR 65 kWhr/kgal 38 61 included
COMPRESSION
FREEZING 50 kWhr/kgal 49 47 incl.
REVERSE seawater feed 54 43 incl.
OSMOSIS 45 kWhr/kgal
REVERSE 5000 ppm feed 200 12 incl.
OSMOSIS 12 kWhr/1000gal
ELECTRODIALYSIS | 5000 ppm feed 200 12 incl.
12 kWhr/1000gal

Table 3: Typical Energy Consumption in Desalination Processes

(cf. [10])

SOLAR ENERGY CONVERSION

Solar energy radiation consists of electromagnetic waves located prin-
cipally in the wave band of 0.2 to 2.0um , with a maximum at about
0.45um . Its intensity is higher in summer than in winter and generally
varies throughout the world from about 1 to 8 kW/m? day. The average

in the U.S. is about 4.7 kW/m2day and in Saudi Arabia above 6.3 kWW/m’day.
Solar radiation can be converted to heat by its absorption in a solar-
thermal collector, or to electricity by a photovoltaic or thermo-elec-
tric device. Increasing the incoming energy flux by concentration
allows the attainment of higher temperatures. Solar energy is also

the source of wind, which can be used to generate mechanical power.

Selar energy can be used for water desalination in several ways. The
most common one is via a solar still which serves both as a converter




of solar energy to heat, and as a distiller [2,3,11]. These stills

are typically single-effect, because they operate best at low tempera-
tures (~<65°C). An alternate thermal method is to collect solar heat
without or with = the aid of concentrating devices and to use that
heat to operate a conventional distillation plant, such as MSF or MEF.
As indicated above, such plants operate economically in the top-temper-
ature range of 70-120°C, hence requiring a solar heat source at 80-135°C.
Such temperatures may presently be obtained with reasonable collection
efficiency by using flat-plate evacuated collectors with or without
moderate concentration, CPC collectors, trough-type and similar concen-
trators, and solar ponds.

Thermal energy at such temperature levels can also be used to operate a
thermal engine and generate shaft power. Power cycles using organic
working fluids are typically used with an overall-cycle efficiency of.
about 10%, and a hybrid-source steam cycle ("SSPRE") using an auxiliary
heat source to superheat from the 100°C obtained from solar collectors,
to 600°C, (at approximately atmospheric pressure) has an efficiency of
about 20% [6]. Higher concentration devices, such as the central tower
concept (cf. [12]) can produce temperatures (and hence also efficiencies)
similar to those obtained in conventional power plants. The shaft
power from these cycles can be used to drive pumps or compressors di-
rectly, or to generate electricity.

Electricity to provide power for desalination processes or their auxi-
liary equipment can be obtained directly by photovoltaic conversion
devices, such as silicon or cadmium-sulphide cells.

Finally, as mentioned above, the surface of the oceans serves as a
solar energy collector. Where the ocean is sufficiently deep and the
mixing isn't excessive, the temperature in the depths is about 20°C
lower than that at the surface. This temperature difference can be
utilized to generate power via a Rankine cycle. In the open-cycle
concept (cf. [13]), the surface seawater is flashed in an evacuated
chamber, the generated steam drives a turbine, and condenses on the
condenser which is cooled by the colder water from the depths (~600m)
and which maintains the low pressure in the system. The condensate is
fresh water which is presently not contemplated to be used, but which
could provide large quantities of desalted water as a by-product of the
OTEC power plant., Typically a 100 MW plant produces (1.43)10% m3/day
(37.8 MGD) of fresh water.

Due to the transient nature of both solar energy and the ambient weather
conditions which affect collection efficiency, most solar energy-based
processes require some form of energy storage. This can be obtained by
storing heat (sensible or latent, or thermochemical), electricity
(batteries), or mechanical power (pumped storage, compressed air,
flywheels), but it complicates the overall system and increases its
cost. Seemingly, one could operate intermittently and store fresh water,
but both the undesirability of plant transients and the limitations of
water storage capacity, do not always allow this method.

A summary of solar energy conversion efficiencies and other features
relevant to desalination is provided in Table 4. Two comparisons need
to be made: one with conventional-fuel systems, and the other among
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the different solar candidates. A noteworthy observation is that the
higher temperatures which the collectors provide, as compared to the
still, allow operation at a better plant Performance Ratio, since the
solar energy conversion efficiency of the collectors is typically at
least as good as that of the still. Thus, (Table 3), the P.R. of the
still is 0.95 (1b/MBtu), of an MEF plant operating with collectors at
80°C it is about 8,and of the one -at 135°C it is 12-18. Hence, the
productivity of collector-based distillation plants can be about 9-20
fold higher than that of the solar still. Coincidentally, the collec-
tor systems also cost approximately that much more than $tills*, and
the distillation plant's cost and higher maintenance expenses need to
be yet added to that.

Efficiency, %
PROCESS Solar Central
Solar Collectors & Concentrators | Tower
Stills 80°C 135°C 500°C
Conversion ~ 30-50 40-60 30-50
to ‘Heat
Thermal -- <10% 4(12 for 20-25
Power ' hybrid)
Photovoltaic 9-15 (at ~ambient temperature)
Conversion

Table 4: Typical Solar Energy Conversion Efficiencies
(from solar source to final use)

As to the production of electricity and mechanical power for desalina-
tion purposes, examination of Tables 3 and 4 indicates that vapor
compression, freezing and seawater RO have energy demands which are
about 1/4 of those for MSF and MEF distillation. However, for opera-
tion under 135°C, where reasonably economical, proven, and reliable
collectors exist, the power conversion efficiency is less than 1/4,

apd the systems may be only marginally competitive. Higher conversion
efficiency, such as of the SSPRE cycle [6] would improve the situation
of the power conversion schemes. On the other hand, operation of
brackish water RO and ED by solar-generated power has a clear advantage
over distillation of the same. In any case, the costs added by the

power cycle need to be considered, too. Power production from a high
temperature solar source, such as the Power Tower, can only be com-
pared by an economic analysis, since heat at these temperatures is
not directly applicable to desalination processes. _

SOME PROJECTIONS AND CONCLUSIONS

As energy costs keep rising at a rate above overall inflation, and as
demand for water keeps growing, there would be an increasing trend to

*cost of land not included



design more energy-efficient desalination plants. In distillation it
would mean that Performance Ratios of 20 and above will be sought,

and further improvements would be made in most of the other processes.
Since solar energy is still not fullycompetitive with conventional
sources, this trend would create more favorable conditions for its

use and would remove the single-effect collector-cum-still from com-
petition for most areas, except where land is cheap and where sophisti-
cated maintenance and operation are not available. Solar energy
would become an increasingly desirable source for the replacement of
conventional fuels, and for allowing their use in more appropriate
applications.
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AN OVERVIEW OF
SOLAR DESALINATION TECHNOLOGIES

by

Frank Kreith, Chief
Solar Thermal Research

and

Werner Luft, Project Manager
International Branch
Solar Energy Research Institute

ABSTRACT

Providing adequate water is becoming a serious problem in arid areas as the pop-
ulation of the world increases. In many arid areas saline or brackish water is
available, but desalination is necessary to make it potable or usgful for irriga-
tion. In 1977 the worldwide d%salination capacity was 4 million m*/day, provided
by 1,500 plant% of over 100 m*/day capacity. The capacity in the United States
was 400,000 m*/day, provided by 510 plants. At present most of these plants are
powered by conventional fossil fuels directly or by electric energy from a grid
system; only a few small systems are powered by solar energy. However, renew-
able solar resources can be used in a variety of ways to supply energy for desali-
nation. This paper discusses the most important solar desalination methods and
the solar technologies which can supply the heat and power necessary for
desalination.

1 OVERVIEW OF SOLAR TECHNOLOGIES

Solar energy technologies can be divided into two broad classifications [1]: Nat-
ural Collection Systems and Technological Conversion Systems (see Fig. 1).

In natural collection technologies the biosphere—earth, wind, or water—provides
storage and collection free. Since no collectors need to be built, the cost of use-
ful energy for natural systems is determined by the converter, e.g., the wind tur-
bine. For technological conversion systems, the amount of collectable energy is
proportional to the total amount of incident solar energy on the area of the col-
lector at a given geographical location. Therefore, the cost of useful energy for
a technological conversion system depends on the cost and efficiency of the
collectors as well as the convertors.
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Figure 1. Classification of Solar Technologies

1.1 Solar Thermal Conversion

Two distinet but complementary approaches are used to convert sunlight to
heat [1]: passive and active systems.

A passive system is generally defined as one in which the energy and mass flow is
by natural means (e.g., conduction, convection, radiation, and evaporation), but
without a prime-mover such as a pump. An active system is one in which the
mass flow is by means of fans or pumps. A hybrid system is one where at least
one significant flow is by natural means and at least one is by forced means. For
most desalination processes active systems are required.

The simplest type of collectors is the solar pond. A shallow pond is heated by
the sun during the day, but covered by a transparent sheet of plastic to prevent
heat losses at night. A somewhat more sophisticated type is the so-called salty
pond, in which a salt is dissolved to counteract the natural tendency of warm
water to rise. If the concentration of salt is sufficient to inhibit conveection, the
sun can heat the bottom layer to temperatures as high as 85°C and the cooler
layer on top acts as a buffer to reduce heat losses to the surroundings. Heat can
be extracted from the bottom layer and the body of the pond can provide storage
for times when there is no sunshine. The potential of such ponds for desalination
will be discussed later in this paper.

Simple flat-plate collectors can typically achieve temperatures up to 90°C. Fig-
ure 2 shows a typical flat-plate collector. Slightly higher temperatures, say
200° C, can be attained by enclosing the tubes carrying the cooling fluid in a vac-
uum. This type is called an evacuated tube collector [2]. For higher tempera-
tures it is necessary to concentrate the solar radiation. Optical concentration is
necessary to achieve temperatures sufficient to drive a heat engine efficiently
and convert solar radiation to power. Optical concentration generally necessi-
tates tracking the sun with the concentrator or the receiver.
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Figure 2. Schematic Diagram of Liquid Flat-Plate Collector

There are two basic receiver concentrator categories: point focusing and line
focusing. Concepts of each type are shown in Fig. 3. The most common type,
suitable for intermediate temperature, uses a single-axis tracking parabolic
trough as the concentrator to focus sunlight on a linear receiver. As shown in
Fig. 3a, the concentrator rotates about its axis to follow the sun's apparent
motion in the sky. A fixed mirror collector like the one shown in Fig. 3b requires
no concentrator movement. Instead, the receiver moves as the sun's motion
changes the focal line of the fixed concentrator. Linear-segmented array con-
centrators (see Fig. 3d) have fixed receivers and moveable reflectors. The
mechanically linked reflectors rotate so that a line focus from the receiver is
maintained stationary. Parabolic dish concentrators are dual-axis tracking
point-focusing devices that can achieve temperatures as high as 1200°C. The
concentrator tracks the sun and reflects the radiation onto a point-focus
receiver (see Fig. 3c). Fresnel-lens collectors can either be line focusing or
point focusing, depending on the type of lens. Fresnel lenses are refracting types
because the radiation passes through the transparent lens and is directed towards
the focal point or focal line by refraction. The lens structure tracks the sun and
refracts sunlight onto the receiver located behind the lens. Figure 3e illustrates
a fresnel lens linear-concentrator system.

Figure 4 shows the operating temperatures for different types of collectors. The
proper choice of collector depends of the temperature needed for the process.

The selection is called end-use matching and is deseribed in [3]. Figure 5 illus-
trates a closed-loop distributed solar thermal conversion system suitable for pro-
viding process steam to a distillation plant. Normally no storage is required for
solar distillation since the process can be carried on when the sun is shining and
turned off at night.
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" There are two broad classes of solar thermal conversion systems: central
receiver and distributed receiver systems. In a central receiver system mirrors
called heliostats reflect solar energy to a single central collector in which the
working fluid is heated. In a distributed system a receiver is placed at the focal
zone of each concentrator, and a hydraulie distribution network transports the
hot working fluid to a central point. Figures 6 and 7, respectively, show sche-
matic diagrams for a typical central receiver thermal conversion system and a
typical distributed receiver system.

1.2 Bioconversion

Bioconversion processes convert biomass into useful energy. Biomass is material
derived from growing organisms—wood, sugarcane, corncobs, or seaweed. It is a
direct and natural form of solar energy and can be produced where the sun shines
on land and oceans. Direet combustion of wood has been the principal form of
energy for most of man's existence. In the United States, wood provided 75% of
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the total energy a hundred years ago. Biomass is also an attractive source for
making aleohol fuel. Possible fuels from solar biomass processes are: (1) metha-
nol—wood alcohol derived from wood or municipal wastes, and (2) ethanol—grain
alcohol reduced by fermentation from agricultural products. Alcohols are in
some ways superior to gasoline as a fuel: they are higher in octane rating and
therefore burn cleaner than gasoline. One current use of aleohol is as a mixture
with gasoline called "gasohol" which can power internal combustion engines for
pumping in desalination. In 1980, Brazil substituted alcohol derived from sugar-
cane for a full 20% of the fuel requirements that would formerly have been met
with gasoline.

1.3 Wind Energy

‘A fraction of the solar radiation incident on the Earth is converted by the
atmosphere into the kinetic energy of winds. A wind turbine can convert the
kinetic energy of moving air into mechanical energy. Wind energy is a natural
solar technology that has provided power to man from the beginning of civiliza-
tion. Wind power was also used extensively in the United States until recent
times. More than 6 million small windmills (each less than 1 kW) were used in
this country before the 1950's to pump water and to generate electricity on
farms and in small communities. Modern designs to harness wind power cover a
wide range of sizes and technologies. Deployment plans range from units for a
single home to plants with the capacity of small fossil fuel plants. A typical
wind generator capable of 1 megawatt output is shown in Fig. 8. Wind can be
used for pumping or to generate electricity for those desalination processes that
require electrical power. >

Figure 8. Wind Generator
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1.4 Ocean Thermal Energy Conversion (OTEC)

Ocean Thermal Energy Conversion (OTEC) is another natural form of solar
energy technology. OTEC systems tap the thermal gradients between various
ocean depths. In a closed cycle, surface water heated by the sun vaporizes a
working fluid such as ammonia. The pressurized ammonia vapor drives a turbine
to produce electricity, which is then transmitted to land via cable. The vapor is
condensed by colder water from the deep regions and again converted to a lig-
uid. It is then ready to begin the cycle again [1,2].

The available amount of thermal energy within the ocean is large, but converting
this energy in a closed cycle requires development of efficient, durable, and
cheap heat-exchange equipment for evaporators and condensers that can with-
stand rough and corrosive conditions. The first closed-cycle demonstration plant
began operation in 1980.

It is also possible to design OTEC systems operating on an open cyecle, i.e., one in
which seawater is the working fluid. Such a scheme can eliminate the need for
one or both heat exchangers by using direct-contact heat exchangers. As shown
in the flow diagram of Fig. 9, in this type of cycle the production of electric
power can be combined with desalination in the condensation process. However,
at present the cost of water is not enough to justify the efficiency penalty
imposed on the power system and the frequently excessive cost of transporting
the desalinated water.
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1.5 Conversion of Solar Energy to Electricity

Conversion of solar energy into electricity can be achieved by a variety of meth-
ods. One is solar thermal conversion. Solar thermal conversion systems use con-
centrating solar collectors to generate steam which drives a turbine-generator to
produce electricity. The most promising type of solar collecting system for
electric power production is the central receiver, discussed previously. It con-
sists of a large tower surrounded by a field of tracking mirrors (heliostats) which
concentrate the sun's rays onto a boiler located in the top of the tower (see
Fig. 3). Solar thermal conversion has some potential for centralized production
of electricity, but for small-scale distributed installation e.g., for individual
houses, direct conversion by photovoltaic means is much more promising.

Photovoltaic cells convert solar radiation directly into electricity. The conver-

sion of solar radiation into electrical energy by solar cells is a direct spinoff of
the space program. This simple, solid-state device requires no moving parts and
holds the promise of long operating life with little need for servicing. It is
expected that by 1985 solar cells will be used to generate electricity in a wide
range of applications.

The principle of operation of a solar cell is illustrated in Fig. 10. Photovoltaic
solar cells are made by combining two very thin layers of semiconductor mate-
rial. Each layer is prepared by adding different materials to the major constit-
uent, such as silicon, so that one layer has negative electrical properties and the
other layer has positive properties. Terminals of an external electrical circuit
are attached to the front and the back of the cell. Sunlight knocks electrons
loose from some of the silicon atoms, leaving "holes" in the atomic structure.
Because of the electrical properties of the cell, the inerement of free electrons
creates a voltage in the cell, and a current can be drawn through the external
circuit. If a load, such as a DC electrical motor, is placed in the circuit, it will
be operated by the current. Thus, sunlight (specifically, photons) is directly
converted into electricity.
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N Silicon Atom
4] ® Electron
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Figure 10. Principle of Photovoltaic Generation of Electricity
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Solar cells are connected and placed into a sealed glass or plastic unit called a
module. A number of these modules, each of which might deliver 12 watts, are
then positioned into a rigid frame, called an array, to provide a specific power
rating (Fig. 11). But since solar cells only deliver power during daylight hours, a
photovoltaic system requires storage (usually a battery) if power is to be supplied
at night or during cloudy weather conditions. Also, the power requires condition-
ing by an inverter to change the DC current to AC current and to regulate and
keep the voltage output constant. Perhaps one of the most immediate applica-
tions for this technology is providing power in remote areas where there is no
existing power grid.

Solar Cell

Figure 11. Schematic Diagram Showing an Array Field and its Components

2 OVERVIEW OF DESALINATION METHODS

Water desalination can be attained by four main technologies: membrane, distil-
lation, crystallization, and chemical [4. In 1977, 23% of the capacity was
handled by membrane processes and 77% by distillation. However, it is expected
that in the next 20 years the majority of the plants will use either membrane or
crystallization technology, because they are more energy-efficient than
distillation.

2.1 Membrane and Crystallization Processes

Electrodialysis and reverse osmosis are the most advanced membrane pro-
cesses. Additional membrane processes under study are transport depletion and
piezodialysis. Transport depletion, a variation of electrodialysis that uses non-
selective membranes, has lower membrane cost, but requires more energy.
Piezodialysis uses pressure to drive concentrated brine through membranes.
High production rates are anticipated, but demonstrations have so far been only
at a bench scale.

There are four crystallization processes being studied: (1) vacuum freezing/
vapor compression, (2) secondary refrigerant, (3) eutectic freezing, and (4)
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hydrate formation. However, none has reached a commercial stage, and
economic viability has not been demonstrated.

2.2 Distillation Processes

Distillation processes include: (1) single-effect, multistage flash distillation, (2)
multieffect, multistage flash distillation, (3) vertical tube distillation, (4) hori-
zontal tube evaporation, (5) vapor compression distillation, (6) single- and multi-
effect solar stills, and (7) critical point separation. The first five systems show
promise for the economical production of fresh water in relatively large systems.

The key factors to be considered in water desalination are the composition and
the temperature of the feedwater, the product water quality desired, the water
recovery ratio that must be achieved, the methods available for brine disposal,
the plant utilization factor, the performance factor, and finally, the type of
energy supply available [5,6,7].

The feedwater can range from brackish water having a total of dissolved solids
of 1,500-20,000 mg/L to seawater having a total dissolved solids of 35,000-
42,000 mg/L. The cost for membrane desalting is strongly dependent on the spe-
cifie impurity composition and the salinity of the feedwater, but this is not the
case for digtillation processes. Conventionally distilled water costs from $1.20
to $1.50/m* in 1979.

The product water recovery ratio (i.e., the ratio of purified water output to
feedwater input) affects the selection and design of desalting processes as well
as the method for control of scale formation. Also, if an evaporation pond is
used, its size is determined by the water recovery ratio.

The performance factor (PF) is an important number, because it indicates the
energy required for desalination. It is defined as the mass of desalted water in
kg per 2,320 kilojoules of energy input (the energy required to vaporize 1 kg of
water is 2,320 kJ). Typical energy requirements and performance factors are
shown in Table 1 for various processes when desalting brackish water. Desalting
seawater requires more energy than desalting of brackish water. For water
desalination with solar energy, the peak temperature required for the distillation
process is important because it affects the type of collector needed. Moreover,
the efficiency of solar collectors decreases as the temperature increases. For
mcgst distillation processes the minimum required temperature ranges from
60°-150°C.

Large-scale solar-powered desalination systems do not differ greatly from con-
ventionally powered desalination systems, except that the fuel storage and boiler
used in fossil-fuel-powered systems have to be replaced with solar collectors and
storage subsystems. Large-scale systems are made up of subsystems that consist
of feedwater pretreatment, solar collectors, an electric power generator, a dis-
tillation or membrane unit, an energy storage subsystem, a brine disposal sub-
system, and product water storage and delivery subsystems. These subsystems
must be combined in a system that results in the lowest levelized cost per cubic
meter of desalinated product water. At present it seems that, the most econom-
ical systems are powered by a combination of solar and conventional energy.
The solar energy fraction that provides the lowest product water cost ranges
from about 1/4 to 1/2, depending on fuel cost and plan utilization factor.
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Table 1. ENERGY REQUIREMENTS AND PERFORMANCE FACTORS
FOR DESALTING BRACKISH WATER

kd/kg PF
Reverse osmosis 30 7
Electrodialysis 50 46
Absorption vacuum freeze 63 37
Vacuum freeze/vapor compression 102 25
Multieffect, multistage distillation 125 19
Multistage, flash/vertical tube distillation 175 13
Vapor compression distillation 186 12
Vertical tube evaporator distillation 204 11
Multistage flash distillation 251 9
Single-effect solar still 4350 0.53

Feed water, 3500 mg/liter; product water, 500 mg/liter recovery ratio, 70%;
and thermal-to-electric energy conversion efficiency, 25%.

Source: A Feasibility Study on the Use of Solar Energy for Desalination of
Water. Prepared for The Texas Water Development Board, State of
Texas. Contract No. 14-70028, 31 May 1977.

2.3 Solar Stills

Solar stills [5] are not widely used for large-scale solar energy water desalination
because they have a low output per unit area, and the land area available can be
an importgnt constraint. The production of ggod solar stills ranges from 1 to
4 liters/m“-day as compared to 20-77 liters/m“-day for other processes. Solar
stills also suffer water losses because vapor and distillate leaks invariably occur
in the system and, in addition, considerable maintenance is required to keep
them operating. It is estimated that approximately 10 manhours are required per
year for each 100 m“. Also, the productivity of solar stills decreases over time
for a variety of reasons. Finally, the cost per unit output is relatively high, par-
ticularly in industrial countries having high Jabor costs. The output of existing
solar stills ranges from 0.24 to 2.5 liters/m“-day, depending on location and on

whether a single stage or several stages are employed. Despite these negative
features, the solar still approach is attractive for certain small-scale operations,
especially in remote locations.

Water distillation systems may be single-effect or multiple-effect. In the sim-
ple, single-effect system, seawater is heated in shallow troughs, condenses on
the sloped glazing and flows to a collection tank. Single-effect systems require
an energy input equal to that necessary to vaporize the water because they do
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not recover any of the heat released by condensation. Multiple~effect systems
recover a portion of the heat of condensation and are therefore able to provide
more fresh water with a given collector area.

Figure 12 illustrates a number of different still designs for single-effect solar
distillation. All of these use stationary solar collectors to supply the heat. The
basic requirements of a good solar still are that the unit:

e® be easily assembled in the field,

be constructed of materials available in or near the region so that
transportation costs will be small,

be lightweight for ease of handling and shipping,

have an effective life, with normal maintenance, of 10 to 20 years,
not require any external power sources,

can also serve as a rainfall catchment surface,

is able to withstand prevailing winds,

be manufactured of materials that will not contaminate the collected
rain water or the distillate, and

e meet standard civil and structural engineering standards.

A — S —

. Basin-Tvpe Solar Still

N

7777777777777 7 777777 77 7777 77777777 77777777777
.Inflated Plastic Cover Design Still

TR

V-Shaped Plastic Cover Design Still

Greenhouse-Jype Solar Still

= §

Inclinéd Glass Cover Design Still

P —

Variation of Inclined Glass Cover Still Design

Single-Sloped Cover Design Still
Figure 12. Approaches to Single-Effect Solar Distillation

A typical multi-effect distillation system is shown schematically in Fig. 13.
Vapor from boiling brine in the first effect is condensed on the surface of heat
exchanger tubes. The heat of condensation is then used to produce boiling in the
cooling brine stream on the other side of the tubes, at a somewhat reduced tem-
perature and pressure. The vapor produced by this secondary boiling is con-
densed on the surface of the second-effect tubes, causing additional vapor
production in the third-effect cooling brine. The latent heat is thus recovered
from effect to effect for additional distillation. The plant performance factor,
i.e.,, the amount of distillate product obtained per unit heat input, is roughly
proportional to the number of effects in the plant.
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Figure 14 shows operating data of some representative multieffect distillation
plants. In a conservative design (CaseI) brine is boiled at 93°C in the first
effect. The latent heat is then thermodynamically gegraded through 10 effects,
thus producing 4.3 kg of desalted water per MJ (10°1b per M Btu). The heat of
condensation in the last effect is finally rejected to cool salty water.
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Figure 14. Operating Data of Some Multi-Effect Desalination Plants

The upper limit of temperature in the first effect is determined by scale deposi-
tion on the heat exchange surfaces. Chemical treatment can inhibit scale for-
mation and permit operation at somewhat higher temperatures, allowing an
increase in the number of effects. The number of effects can be further
increased by designing for a reduced temperature drop per effeet. This can be
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achieved by increasing the heat transfer area. Case II represents the multieffect
demonstration plant in Freeport, Texas, which operated at a maximum tempera-
ture of 115°C. A 5° C temperature drop per effect permits a 17-effect design.

A further increase in steam economy ratio can be achieved by using stainless
steel or Titanium tubes and by eliminating scale deposition on the tubes through
scale seeding techniques. These techniques could permit a maximum brine
temperature, of about 150°C with an economy ratio close to 20. This design
requires, however, a complicated plant with exacting maintenance requirements.

Burning of fossil fuel for the sole purpose of heating brine to 120°-150°C in a
desalination plant is very wasteful. Most of the seawater distillation plants have
therefore been integrated with electric power plants. In such dual-purpose
plants, high-temperature steam produced by fossil fuels is first passed through a
turbine where energy is extracted for electricity generation. The thermodynam-
ically degraded steam at the turbine exit is then condensed in the first effect of
the desalination plant. The same approach could of course be used in with a
solar power plant (see Fig. 3). .

The combination of desalination and power generation into a dual-purpose plant
changes profoundly the design strategy of the desalination plants. In a dual-
purpose plant there is less economic advantage in inereasing the maximum brine
temperature in the desalting plant, since it leads to an increase in turbine back-
pressure with a corresponding penalty in power production. Conversely, the
decrease in performance factor brought about by a reduction of maximum brine
temperature in a dual-purpose plant is accompanied by a reduction in cost of the
steam and a simplification in plant design and maintenance.

The Eilat plant in Israel, represented by Case III in Fig. 14, is an example of a
plant that incorporates advantages obtainable with a low brine temperature. It
operates at a maximum brine temperature of 85°C, which permits the use of
cheap aluminum tubes and minimizes the need for chemical treatment of make-
up seawater to prevent scale deposition. A relatively high economy ratio is
obtained since the low cost of the heat exchange surfaces permits the use of a
large heat-transfer area with a low temperature degradation for each effect.

Low-cost, low-temperature heat can also be obtained from solar energy in salty
solar ponds. Figure 15 shows a desalination plant coupled with a solar pond. A
stratified pond that is thermally stabilized to suppress convection currents has a
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Figure 15. Schematic Diagramﬁoi Desalination System Using a Solar Pond
as Heat Source
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temperature profile as shown in Fig. 16. It can be seen that solar radiation
trapped in the deep layer of the pond can produce appreciable temperatures.
Brine from these layers can be extracted from the pond for heat delivery in a
heat exchanger and then be returned to the pond at the appropriate depth.
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Figure 16. Temperature Profile in a Salt-Stabilized Solar Pond

3 SOLAR DESALINATION SYSTEMS

In a recent U.S. procurement activity for a conbmercial-sized solar energy water
desalination plant having a capacity of 6000 m”/day, 31 industrial teams repre-
senting 116 different companies responded. The resulting proposals contained
combinations of 8 solar energy technologies with 8 desalination technologies, as
shown in the matrix in Table 2. The various proposals were for 13 brackish water
and 23 seawater plants.

Inspection of Table 2 shows that the main 8 solar technologies discussed in Sec. 1
can be combined with the principal 8 desalination technologies to form 64 possi-
ble solar desalination systems. Although not all 64 are technically viable, there
are several systems that look potentially attractive, but without more R&D it is
not possible to select the preferred operating mode. This presents a problem to
any community that wants to build a solar system now.

Five contract awards have been made for system definition studies from the

combinations in Table 2. They are expected to be completed by late 1981. It is
then planned to construct one or two pilot plants either in the United States or in
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Teble 3. COMBINATION OF DESALINATION AND SOLAR ENERGY TECHNOLOGIES IN SERI

PROPOSALS REVIEW*
Solar Energy Technology

Desalination Central Point Line Evacuated Photo- Wind Solar OTEC
Technology ‘Receiver Focus Focus Tube voltaic Pond
Electro- 4 1
dialysis
Reverse 3 4 6 1 2 1
Osmosis—
Seawater
Reverse 1 2 5 2 1
Osmosis—
Brackish
Multieffect 1 2
Distillation
Multistage 1 2 2 2 1 2
Flash
Distillation
Vapor 1 2 2
Compression
Freezing 1 1 1
Solar Still 1

Note: Numbers in matrix are the number of proposals in each category.

*Source: W. Luft, Solar Energy Water Desalination Proposal Review Board Report to SOLERAS Project
Selection Committee, Solar Energy Research Institute, SERI/SP-761-684, Golden, CO, May 1980.




Saudi Arabia for the systems with the lowest cost Rer unit of product water. The
pilot plants will have capacities of 100 to 400 m°/day of product water. It is
anticipated that at least one pilot plant will be constructed by 1983. The desali-
nation technologies selected for the initial system definition study are freezing
and reverse osmosis—either alone or in combination with vertical tube distilla-
tion, multieffect distillation, or electrodialysis. The solar energy technologies
included are central receiver systems, line- and point-focus collectors, wind
energy, and photovoltaics. No solar pond system has been selected in this pro-
curement, but for developing countries a pond with a multi-effect still may be
the best near-term solution. Three of the five systems under study are for sea-
water desalination and two are for brackish water desalination. After these
studies are complete it should be possible to make a selection of the most appro-
priate desalination system to meet any particular set of conditions.
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COMMENTS ON WESTERN UNITED STATES WATER RESOURCES

J. W. O'Meara
Executive Vice President
National Water Resources Association

ABSTRACT

The paper provides brief comments about the water resources of Saudi
Arabia and discusses in general terms the Western United States water
problems. Emphasis is placed on the Colorado River Basin and the
salinity problems of the region. The background information leading
to the decision to build a 100 million gallon per day desalting
plant at Yuma, Arizona, is reported.

The author also recalls some of the early solar humidification re-
search and development sponsored by the Office of Saline Water.

WATER PROBLEMS OF SAUDI ARABTA

For a good many of the years that I was employed by the Office of
Saline Water, HRH Prince Mohamed al Faisel was the Governor of the
Saline Water Conversion Office of the Kingdom of Saudi Arabia.

Prince Mohamed once told me that the Saudi Arabian Peninsula was about
the same size as the United States east of the Mississippi River, but,
he noted, in that vast area there was not a single flowing stream of
any size.

The average rainfall in the United States is about 30 inches per year,
ranging from about 11 inches in Nevada, Arizona, and Southern Cali-
fornia, to just over 50 inches per year in Florida, Georgia, and the
Carolinas.

The total water supply available in the United States is 1200 billion
gallons per day (gpd). I do not have available comparative data for
Saudi Arabia, but I think everyone in the room is aware that there

is a water problem in the Kingdom. Every time they drill a water
well, they hit oil. Saudi Arabia is about in the center of a huge
desert that extends eastward from the Atlantic coast of Africa to
India. Parts of Saudi Arabia receive only two or three inches of
rainfall in an average year and, after that, needed moisture can come
in a single storm. However, the Asir Mountains on the southeast
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coast rise to an elevation of about 3000 meters, and, in this area, the
rainfall reaches about 20 inches per year. Unfortunately, the Asir is
mostly volcanic rock, the mountains are steep and close to the sea,
which results in high runoff and very little ground water recharge.
Some of the streams that are formed by this seasonal rainfall actually
evaporate before they reach the sea.

That brings me to an interesting situation. The Bible says: "All the
rivers flow into the sea, yet the sea is not full." Since I have
just reported that the rivers of the Asir do not reach the sea, per-
haps we could conclude the Bible is wrong: Someone suggested to me
that the Bible is not a proper citation since the people in that re-
gion read and live by the teachings of the Koran!

WATER RESOURCES OF THE COLORADO RIVER BASIN

I would cite an interesting parallel. The Colorado River, the major
river in the southwest United States, which has average flow of al-
most 13 billion gpd, no longer flows to the sea.

On the Colorado and its tributaries, the Department of the Interior
has constructed six major dams. These dams collect and store the
precious waters that flow down the mountains in the spring as the
warming sun melts the winter snowpack. There is an old saying here
in this part of the country: "It doesn't rain in the West, it snows."
Thus, if man does not collect and save the spring runoff, there would
be very little productive agriculture in this region.

The water stored in these reservoirs is used to generate electricity;
it is used for irrigation and recreation; and it is used to enhance
fish and wildlife habitat. Some is transported nearly 250 miles for
part of the municipal supply of Los Angeles and San Diego. In fact,
the aqueduct from the Colorado River to Los Angeles transports about
700,000,000 gpd. In a few years, with the completion of the Central
Arizona Project, an additional 1 billion gpd will be delivered from
the Colorado to the thirsty cities of Tuscon and Phoeniz, Arizona.

UNITED STATES-MEXICO WATER PROBLEMS

The United States has a treaty with Mexico which was signed in 19Lk,
In that treaty, the United States agreed to guarantee a flow of 1.5
billion gpd across our border into Mexico. If you have visited Yuma,
Arizona, and I know many of you have for reasons I will discuss in
Just a moment, you probably have visited Morelos Dam, which blocks
the flow of the Colorado River just across the border in Mexico.
Morelos is a diversion dam, and it now marks the end of the Colorado
River. It no longer flows into the Gulf of California. Every re-
maining drop of water in the river is diverted to the Mexicalli Valley
for irrigation. There is no return flow. Below the dam, what was
once the bed of a mighty river, is now dry land and covered with
scrub trees and brush.
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The Bible is wrong--the Colorado River no longer reaches the sea, but
it represents a marvelous example of 100 percent utilization of a prec-
ious natural resource.

The vast region of the West, which the Colorado River drains, has an
abundance of various kinds of salt-laden land and some rather large
salt springs. -

For example, LaVerkin Springs on the Virgin River, a tributary of the
Colorado, has a daily flow of about 8 million gpd of 10,000 parts

per million (ppm) water. Here in Colorado the Glenwood Dotsero
Springs contributes about 11 million gpd of 14,000 ppm water.

The construction of reservoirs on the Colorado, and the extensive use
of this water for irrigation, has had a double adverse impact on the
salinity problems of the river. Irrigation return flows to the river
are more saline than when they were diverted because they pick up
salts as they flow across the saline soils. There is also increased
evaporation from reservoir surfaces which, of course, means the re-
maining water is higher in salinity.

Water diverted from the river at Imperial Dam, the last diversion
point on the river in the United States, has an average salinity of
about 900 ppm. Some of this water is delivered to the Wellton-
Mohawk Irrigation District near Yuma, Arizona. The return flows from
the irrigation district to the river are about 3,200 ppm. This slug
of salinity flowing into the river just above the United States
border increases the overall salinity of the river as it flows into
Mexico to approximately 1,250 ppm.

RESOLUTION OF UNITED STATES-MEXICO DISPUTE

Although the treaty between the United States and Mexico determined
the volume of water that would flow into Mexico, it was silent on the
question of water quality. As developments continued north of the
border, the quality of the water flowing into Mexico continued to
deteriorate.

The quality of the water they were receiving became a major issue
with the Government of Mexico, and, during a state visit to Washing-
ton, D. C., by President Echiverria, it was an issue that- was listed
high on the agenda of the subjects to be discussed with President
Nixon.

As a result of that meeting, President Nixon pledged to the Mexican
President that the United States would take steps to improve the
quality of water flowing into Mexico so it would be equal in quality
to the point of last diversion in the United States, and that point,
as I mentioned earlier is Imperial Dam located about 15 miles up river
from Yuma, Arizona.

Without going into all the studies the United States undertook to
achieve this promise, suffice to say, it resulted in the decision to
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construct a 100 million gpd desalting plant near Yuma to reduce the
salinity of the Wellton-Mohawk return flows to a low enough salinity
to meet the terms of the new agreement with Mexico.

This plant, which will use reverse osmosis technology, is now under
construction and is scheduled for start up in 198L.

The Yuma plant will be the major United States desalting plant, and

it will continue to be our major plant for many years to come because,
as of now, there is nothing on the drawing boards in the United States
that will challenge its size.

COMMENDATION FOR THE EUROPEAN FEDERATION OF CHEMICAL ENGINEERING

The European Federation of Chemical Engineering (the counterpart of
the American Chemical Society) established a Working Party on Fresh
Water from the Sea in the early 1960's. This past September, it con-
ducted the Tth International Symposium on Fresh Water from the Sea

in Amsterdam. I recall, with considerable pleasure, that I had the
opportunity, at the L4th Symposium which was held in 1973 in Heidel-
berg, Germany, to announce the United States' plan to build the Yuma
desalting plant.

What I recall most clearly was my subsequent discussions with the
delegation from the USSR. They were convinced I had slipped my deci-
mal point one or two places. A 1 million gpd plant they were ready
to accept, a 10 million gpd plant was incredible, and a 100 million
gpd plant was sheer propaganda!

In passing, I would like to say that the seven International Symposia,
sponsored by the Working Party on Fresh Water from the Sea of the
European Federation of Chemical Engineering, have contributed sub-
stantially to the development and dissemination of saline water con-
version research throughout the world through stimulating exchanges
of information. I want you to know that the motivating force behind
that important effort is the team of Dr. Anthony and Dr. Eurodyke
Delyannis of Athens, Greece, who are with us today. Not only has

Dr. Delyannis chaired all seven symposia, he and his lovely wife have
conducted some of the world's most valuable solar humidification
research.

SOLAR DISTILLATION PROGRAM OF OSW

Along with the Delyannis' effort, I would like to mention a few other
researchers who contributed substantially to the solar humidification
program conducted by the Office of Saline Water (OSW) in the late
1950's and early 1960's. Even if you have not met these people, but
are interested in solar humidification, I am sure these names will be
familiar to you for you no doubt have read their reports.

George Lof, whose home is right here in Colorado, conducted extensive
developmental work; Dr. Maria Telkes of New York University; Everett
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Howe of the University of California at Berkley; Carl N. Hodges from
Arizona; Frank Edland from DuPont; Bjorksen, Duffy, and Smith from
Wisconsin; and Jim Eibling from Battelle Memorial Institute in Ohio.
Joseph J. Strobel was the leading staff proponent of solar research
and development in the Office of Saline Water. In the early 1970's
Joe awarded a contract to Battelle Memorial Institute to prepare a
manual incorporating a summary of the best results obtained from the
research sponsored by OSW, and to recommend the most cost-effective
system that could then be designed.

The general conclusion of the report--Research and Development Prog-
ress Report No. 546--was that solar distillation was competitive with
other desalting systems in plants up to 20,000 gpd in areas where
skilled operators were not available and fossil fuels were expensive
or unavailable.

I don't know what has happened to advance solar technology in the

- decade that has passed since OSW wrapped up its solar R&D program,
but I do know what has happened to energy costs. I suspect the eco-
nomic viability of solar processes has substantially improved, which,
in turn, may underscore the feasibility of this meeting.

TECHNOLOGY TRANSFER

Time has a way of changing things. The sale of OSW R&D Progress
Reports on solar work had dropped off to almost zero. Then the United
States. suddenly got interested in the development of energy sources
other than oil, and the old OSW solar reports suddenly became best

. sellers. OSW had more solar data in its reports than existed any-
where else. More money is being invested annually in solar energy
development than OSW spent in 15 years on its solar humidification
program.

Just as those who began a crash program on the development of solar
energy were able to learn much from the work conducted in the desalting
program, so too may the desalters be able to take advantage of ad-
vances in the solar energy program.

CONCLUSION

I congratulate the officials of the Government of Saudi Arabia and
the U.S. Department of Emergy for arranging this program. I think
it is timely, and I hope it proves fruitful.

I would like to conclude with an old adage which I think is timely
and appropriate. If I have a dollar and you have a dollar, and we
exchange dollars, we each have one dollar. But, if I have an idea
and you have an idea, and we exchange ideas, then we each have two
ideas.

* X ¥ % ¥
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BRACKISH WATER DESALINATION
David H. Furukawa

Boyle Engineering Corporation
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San Diego, CA 92111

BRACKISH WATER DESALINATION

The use of desalination processes for treating brackish groundwater has
been actively pursued for more than 25 years in the United States.
Although a strong effort has been made by the U.S. Government through
the O0ffice of Saline Water, later OWRT, and other agencies, an equally
strong effort has been made by American industry. As a result, hun-
dreds of brackish water desalination plants now exist throughout the
United States and the world. The desalination processes have developed
to the point where brackish water desalination is now considered a
reliable "state-of-the-art " technology.

In the initial phases of developing a brackish water resource, the need
for comprehensive advance planning is extremely important. Careful
planning to guide the project from conception to final treatment and
distribution will result in a project with minimum difficulty. In
developing a good plan, one must first audit surface and groundwater
resources, energy available to the area, water distribution system, and
quality of water required. The water quality necessary to meet the
local requirements should be.considered carefully since local require-
ments, particularly in underdeveloped countries, may differ slightly
from WOr1d Health Organization standards.

Thorough investigation of potential alternative supplies is a key plan-
ning task. In order to properly conduct this phase of the study, one
must first obtain a good working knowledge of the area hydrology and
water quality. Both the quantity and quality of surface and ground-
water vary considerably from place to place throughout the world.
During a recent evaluation of 45 potential sites for desalting plants
sponsored by the U.S. Office of Water Research and Technology, a wide
spectrum of water problems was examined. The potential solutions to
these water supply and quality problems were remarkably-varied and
quite site specific. Although desalination could have been a solution
a$1any of the 45 locations, it may not have been the most economic in
all cases.

To illustrate the wide variety in water quality which exists in the
United States, the compositions experienced during the study ranged
from mildly brackish (for example 1,000 ppm) of predominately sodium
chloride, to several thousand ppm predominately calcium sulfate (Table
1). The sites examined varied from coastal to inland and included both
rural and urban areas. It was further determined that localized areas
were stricken with specific problems such as an excess of fluorides

or nitrates. Because of this wide variety of potential problems, good
water quality data must be obtained which includes complete analysis
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for major species as well as problem species such as fluorides and
nitrates. In addition, certain ions are known to create additional
problems for desalination processes and these ions should also be
analyzed.

Because of the age-old controversy of riparian rights, regional or
area-wide solutions for water problems are becoming more and more
difficult, especially here in the United States. These problems, in
fact, are even more pronounced in the eastern states than they are in
the west. Desalination processes are particularly adaptable to potable
water production at specific site locations. One of the strong advan-
tages of membrane desalination processes in particular, is that the
desalting plant can be constructed in a relatively short period of
time. Consider for example, the recent construction of a 3 mgd plant
to desalt seawater at Key West, Florida. The plant took approximately
7 months to construct and install. It began operation in December
1980. Generally speaking, seawater plants are somewhat more difficult
to design and construct than are brackish water plants. It is reason-
able to expect that a brackish water plant could also be constructed

in this short time period. In fact, for smaller size desalting plants,
many manufacturers have so called packaged systems that are predesigned
and can be manufactured in an extremely short period of time.

A key function for a responsible consulting engineer is to achieve a
minimum cost solution for a particular problem for the client. Some
of those minimum-cost solutions for water treatment are:

1. Minimum treatment (for example chlorination plus simple fil-
tration).

2. Intermediate treatment (for example iron and manganese removal
plus filtration and chlorination).

In areas where only brackish water is available however, these simple
solutions will not result in a satisfactory potable supply. For these
situations, various desalination processes can be utilized.

Desalination Processes

The commonly-used desalination processes for brackish water are ion
exchange, electrodialysis and reverse osmosis. The selection of one
of the desalting processes depends on several factors which include:

. Salt concentration

Required product water quality

Brine disposal facilities

Pretreatment required

Presence of bacteria, viruses, or other similar material
Availability of energy and chemicals

NI WN -
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Ion Exchange

Although the ion-exchange process has been widely used in the United
States for many years, it has been primarily utilized for softening
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municipal water supplies. It is rarely used however, for desalting a
municipal supply. There are numerous reasons for the limited use of
ion exchange for desalination, but the most significant is that other
processes can accomplish the same objective at lTower total cost. This
is particularly true at higher TDS levels since the cost of operating
jon-exchange systems (primarily regeneration costs) is directly related
to the quantity of salt removed. In addition, the brine created when
regenerating the resin has a very high salt content which creates a
disposal problem.

New ion-exchange resins are constantly being developed however, which
have specific uses in municipal treatment. One such resin was recently
developed during conduct of an EPA sponsored development program in
McFarland, California for removal of nitrates. A new resin specific

to nitrates will remove nitrates to acceptable lTevels at minimal cost.

Electrodialysis

Electrodialysis is perhaps the oldest process utilized for desalting
municipal water supply. There are several municipal plants in opera-
tion-in the United States desalting brackish water. A 3-mgd plant
located at Foss Reservoir in Oklahoma began operation in 1975. One

of the oldest plants was constructed at Buckeye, Arizona with a capa-
city of 650,000 gpd in 1962. Many other electrodialysis plants are

in operation throughout the world including a 5-mgd plant in operation
in Benghazi, Libya.

Electrodialysis is generally conceded to be most effective when the
mineral content of the water ranges from 1000 to 3500 ppm TDS. It is
the best established of the membrane processes and in 1977 approxi-
mately 42 mgd of purified product water were being produced by electro-
dialysis desalting plants.

Although the basic process of electrodialysis has been well described
in various technical journals and in previous workshops, perhaps a
brief description is in order. The process is an electro-chemical
separation which utilizes pairs of membranes, one selective to cations
and the other selective to anions.. The membranes are placed alter-
nately to form compartments. A direct-current source is placed across
the resulting compartment. As saline feedwater is introduced to the
compartment, the cations travel toward the cathode and the anions
travel toward the anode. Since the membranes are alternating anion or
cation selective, every other cell becomes concentrated with the ions,
while the alternate compartments become depleted resulting in deminer-
alized product water.

The amount of energy required for the process is directly related to

the quantity of ions removed from the saline solution. The conductance
of saline water increases with temperature, and the process becomes more
efficient with increasing temperature up to the present commercial

1imit which is about 110 to 160° F. Since process efficiency is im-
proved by thorough mixing in the compartments, a plastic spacer is
introduced to the compartment which causes water to flow through the
compartment with hydraulic turbulence.
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Minimal pretreatment is normally required. Certain materials, however,
when present in the feedwater, adversely affect the process and should
be removed with some type of pretreatment. Iron or hydrogen sulfide
at greater than 0.3 ppm, manganese at greater than 0.1 ppm, and free
chlorine should be avoided. In addition, the turbidity should be
maintained at a level less than 2 JTU.

Recently, a significant improvement in the process has been developed
which is called the electrodialysis reversal process referred to as
EDR. The EDR process achieves cleaning and descaling of electrodial-
ysis membranes several times per hour by periodically reversing the
direct-current flow through the electrodialysis membrane compartments.
Simultaneously, the product and waste streams are interchanged.

The EDR process has a unique advantage since it can result in preven-
tion of calcium carbonate and calcium sulfate scale formation without
the addition of acid or complexing chemicals to the feed stream. Acid
or chemical addition is normally required for electrodialysis or re-
verse osmosis for water containing calcium and sulfate. The elimina-
tion of acid or complexing chemicals addition to the feed stream is a
significant improvement in membrane processes and should increase the
reliability of the process. Furthermore, in many remote locations,
acid and chemical transportation is difficult and usually expensive.

The state-of-the-art of electrodialysis systems has sufficiently pro-
gressed to the point that "packaged" units are readily available.
Typical operation and maintenance costs for packaged plants may range
from 35 to 52 cents per 1000 gallons of product water for a 1500 ppm
water producing 150 ppm TDS. About 48 to 63 cents is a typical range
for a 3000 ppm feedwater prodcing 300 ppm TDS. Capital equipment cost
for packaged systems range typically between 55 cents to $2.00 per
gallon of installed capacity. The capital costs for large plant in-
stallations are somewhat less.

Reverse Osmosis

The reverse osmosis process is one which has been widely acclaimed as
elegant in its simplicity. A driving force of hydraulic pressure is
utilized in forcing water molecules through a semipermeable membrane.
The membrane allows water molecules to pass, but rejects most of the
dissolved ions. Multivalent ions are better removed than monovalent
jons. A wide variety of membranes exist which allow the user to obtain
the desired efficiency of demineralization.

The first semipermeable membrane with truly commercial potential was
developed at the University of California at Los Angeles in 1961.
Since that time, membranes have improved remarkably. Commercially
available membranes today are capable of desalting seawater as well as
selectively desalting certain water supplies. Low-pressure membranes
which operate at nominally 200 psi have been developed for brackish
water desalting applications.
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The traditional cellulose acetate membranes are still widely used today
and will continue to have good utility in desalination operations.
Polyamide membranes in hollow-fiber form have now been used commer-
cially for more than a decade and have proven to be reliable and effi-
cient. The newest technology to reach the industry is the thin-film
composite membrane wherein a very thin polymer film is deposited onto

a porous substrate at which interface the two polymers are interacted.
The result is a very thin desalination film which allows improved
desalination characteristics including higher productivity.

Reverse osmosis systems are basically simple. A high-pressure pump is
required to raise the pressure within the system to a range of 200 to
1000 psi depending on the feedwater source and membrane type. The
pressurized feedwater is introduced to a reverse osmosis membrane
element which provides the desired separation. A throttling valve or
energy recovery system is provided on the concentrated stream to main-
tain pressure within the system. This basic unit is then duplicated to
provide multistaged systems to allow higher water recovery, or alter-
natively, water may be recycled from the concentrated side to the feed
side to provide higher recovery of potable water.

The type of pumps, materials of construction, and membranes selected,
are dependent upon the choice of either brackish water or seawater

for the feed source. The instrumentation and controls for reverse
osmosis plants can be as basic or sophisticated as the client requires.
Some plants are completely manually operated, whereas a recent muni-
cipal plant installed in the United States of America is almost totally
automated.

Most reverse osmosis systems are susceptible to fouling by suspended
materials in the feed source. The type of pretreatment required for
the system will depend greatly upon the source of the feedwater.
Common sources are surface supplies, groundwater wells, and seawater.
Special considerations must be taken when certain problem materials
are present in the feedwater.

Posttreatment of reverse osmosis product water is generally simple and
normally requires degasification to remove carbon dioxide formed by
feedwater acidification, passivation of the product water to prevent
corrosion in the distribution system, and chlorination to prevent
bacteria growth.

Several considerations must be taken in properly selecting the site.
Generally, reverse osmosis systems are quite compact and 1ittle land
area is required. The membranes need only to be protected from natural
elements such as the sun, wind, and freezing. Reverse osmosis depends
on the utilization of electrical energy to provide power to the high
pressure pumps. The availability of electrical energy as well as
consumable chemicals and membranes, should be considered in site selec-
tion, as well as disposal of the brine which will result.

Few environmental and health problems are expected when using a reverse
osmosis system. The environmental effects caused by degasifying carbon
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dioxide and possibly hydrogen sulfide are minimal. High-pressure

pumps generally exhibit a fairly high noise level and precautions
should be taken to muffle this noise, particularly if diesel generation
is utilized in combination with the pumps. In certain locations in

the world, the environmental effects of brine disposal should be care-
fully considered. Generally, reverse osmosis membranes will remove
bacteria and viruses. However, bactericide addition to the product

and periodic cleansing of the elements is recommended.

The economics of the reverse osmosis process are generally conceded to
be attractive for desalination. The actual range of capital costs
ranges considerably depending upon the salinity and source of the
feedwater. Recent desalination plants have been as low as 50 cents
per gpd installed capacity, to as high as $11.00 per gpd installed
capacity for the recent seawater desalination plant built in Jeddah,
Saudi Arabia. Operation and maintenance costs can be as low as 60
cents per 1000 gallons product water, to as high as $4.00 to $6.00 per
1000 gallons product water for seawater systems. Energy consumption
also varies depending upon the salinity of the incoming feed source.
Consumption can be as low as 7 kwh per 1000 gallons, to 33 kwh per
1000 gallons. Recent innovations in energy recovery systems will
reduce the net energy consumed in the process.

Reverse osmosis is a particularly versatile process and can be used for
a wide variety of applications. Desalination of brackish water and
seawater are the most obvious of its many uses. In the United States,
perhaps the most widely accepted industrial utilization of reverse
osmosis is production of high-purity water for the semiconductor
industry. Other applications include industrial water reuse, cooling
tower blowdown concentration, various industrial wastewater processing
and municipal wastewater processing.

There are several mechanical designs which provide the support for the
semipermeable membranes. They are tubular, spiral wound, and hollow-
fine fiber. Each of these designs has its advantages and disadvantages
depending upon the particular feedwater composition. The tubular
system possesses an open-flow channel through which suspended solids
may pass without becoming fouled within the system. So called "dirty"
feed streams can therefore be processed with minimal or no pretreatment.
Its principal disadvantages are that it has a very low membrane surface
area to volume ratio compared to other designs and is relatively
expensive. The spiralwound design is similar to a "jelly rol1" and
utilizes membrane in sheet form. This configuration allows the utili-
zation of many different types of membranes that are manufactured in
sheet form. The design has a much higher membrane surface area to
volume ratio and is much less expensive to produce the same volume of
water. One of its disadvantages however, is that the flow passage is
much smaller and contains a plastic turbulence promoter which further
restricts flow. The hollow-fine fiber design is made of a bundle of
hollow-fine fibers of "hairlike" diameter. This design has an ex-
tremely high membrane surface area to volume ratio and is also inex-
pensive. Its principal disadvantage is that the saline water passages
(between fibers) are quite small and excellent pretreatment is required. .
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There are obviously other advantages and disadvantages of the three pro-
cesses which have been well described in industry publications. The

most significant advances made in the development of reverse osmosis
components in the last 10 years has been the development of new membranes.
Approximately 10 years ago, the choice of membranes was either cellulose
acetate (or cellulose triacetate or blends), or the polyamid hollow-

fine fiber.

Today, a wide variety of membranes exist including new cellulosic for-
mulations, aramid, polybenzimidazolone, and other polymers. The most
recent development is the thin-film composite membrane wherein a thin
polymer coating (for example polyamide) is placed on a microporous
polysul fone support layer. At least two companies commercially offer
thin film composite membranes. The membranes exhibit improved salt
rejection (up to 99.5 percent), higher flux, and have a wider useful
operating pH range (for example 4 - 11). It is believed that the mem-
branes resist biological attack and resist compaction. Feed tempera-
ture up to 60°C can be used without membrane damage. Although some
thin-film composites are damaged by chlorine, newer formulations have
been developed which tolerate chlorine.

Energy

In addition to the cost of membrane replacement, the other major cost
factor in operating electrodialysis and reverse osmosis plants is the
cost of electrical energy. It is in this critical area of operation
that solar energy could very well play a significant future part for
both processes. The SOLERAS program has taken a bold step toward
merging solar technology with desalination technology. The results of
these study programs and resulting pilot programs will be closely
studied by the entire desalination world.

Other efforts are ongoing on a smaller scale. It was reported at the
1979 meeting of the International Congress on Desalination and water
Reuse, that a small 2.5 kw solar generator was combined with a 1.5 m3/d
reverse osmosis system. The project is a Jjoint effort

between the Mexican organization, DIGAASES and the German organiza-
tions, AEG-TELEFUNKEN and GKSS. This pilot work is being carried out
as a result of a scientific and technical cooperative agreement between
Mexico and Germany.

As a practical matter, small units utilizing solar energy are a needed
requirement today in various parts of the world. This type of "self-
supporting” system could be used effectively for example, in the southern
parts of Tunisia where water is brackish and electrical energy is not
available. A solar-powered process is being considered for use in arid
regions of the state of Texas. It takes little imagination to estimate
the vast areas of the world which could take advantage of solar powered
desalination processes.

It should be noted that wind energy is also a consideration in many

parts of the world and a combined solar and wind-powered desalination
plant is certainly a possibility.
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Summary

Providing water supply of adequate quality and quantity for the 1980's
will require innovation as well as the utilization of many different
disciplines. These disciplines may include hydrology, geotechnics,
water rights law, water distribution, large project financing, water
treatment, waste disposal, alternative energy technology, desalination
and others. The role of solar energy combined with desalination
techniques for desalting brackish groundwater will be a significant one
in the next decade. Good state-of-the-art expertise already exists in
both solar energy and desalination technologies. The current effort to
combine the two into a meaningful and practical working process is a
most important one. As our population continues to grow and potable
water becomes even more scarce, thorough evaluation of all possible
water supply and quality improvement alternatives will become exceed-
ingly important.
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OTHER IMPAIRED WATERS:
OPPORTUNITIES FOR COST EFFECTIVE
APPLICATIONS OF DESALTING PROCESSES

J. A. Heist
Consulting Chemical Engineer
Box 4518
Wilmington, NC 28405

ABSTRACT

Industrial wastewaters can be reused with varying degrees of treatment
back in the industrial operation. Reuse in this manner frees other
water sources in an area for other use, effectively increasing the high
quality water resource. Treatment of industrial wastes for discharge
usually involves oxidation of organic materials, precipitation or
absorption of metals for handling with the other waste solids, and
neutralization of the acids and bases. Desalting processes can treat
the same wastes and yield a higher quality product, if necessary, or
provide a specific removal function if no more is needed for recycle.
Since desalting processes are usually more expensive than conventional
treatment, before these processes will be adopted they must produce some
treatment.

Industries were selected for analysis to define how the desalting
processes produce this added benefit. Applications for desalting
processes that have been proposed, evaluated, and/or implemented are
discussed. Waste characteristics from the industries are discussed to
illustrate the advantages offered by desalting processes. Limitations
of various processes are described to illustrate how technical
development would make desalting processes more adaptable to the needs
of industrial waste renovation.

INTRODUCTION

Impaired Waters

An "impaired water'" is generally not suitable for direct reuse by
municipality or industry. Conventional treatment provides a quality
suitable for return to the environment where further natural
purification and dilution allow its reuse. This results in sequential
degradation of the total flow. 1In areas where the water flow to usage
ratio is too small the ability to naturally purify and dilute are
exceeded. This is illustrated for dissolved salts, where there is no
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- destruction and dilution ability has been exceeded, by the Colorado
River basin. Examples of natural water sources whose ability to
oxidize biodegradable wastes have been exceeded are numerous. '

Industry Selection

One way to expand an areas water supply is to remove or restrict some of
the users. Another is to pretreat all discharges so that any return
doesn't degrade the receiving body. The largest users, where most
significant consumption decreases can be made, are industries with
either a large water use per unit output or a large output, or both.

The industries discussed here were selected on several factors:
-volume used by the total industry.
-quality of discharge, either requiring extensive treatment for
disposal or having high value by-products.
-basic industries of interest to nations of diverse development.

The U.S. Department of Commerce develops statistics on resource utili-
zation in different industies. One of those statistics is water_use.
The largest industrial user is the inorganic chemical industry[l].
The industry is so diverse that a generalized discussion is not
possible and it therefore is not discussed here. The next largest
water users that were selected are:

-iron and steel making.

-petroleum refining.

-pulp and paper making.
Electric power generation was also chosen, even though it is not treat-
ed directly in the Commerce Standard Industrial Code (SIC Code). It
was selected because of the large consumptive use for cooling, a need
common on a smaller scale to most industries, and the fact that it was
the first industry to be forced to zero discharge on a large scale.
Metal finishing was also selected. It was the first industry to
thoroughly evaluate and adopt all commercial desalting technologies.
Finally, mineral and non-ferrous metal mining was selected. This is an
industry that is common to most countries.

Economic Considerations

Environmental restrictions require treatment of wastes before returning
them to a natural water body. They are designed to use conventional
technology to optimize the cost and benefit relationship. Application
of desalting equipment in these applications will generally be more
expensive. To be selected they must provide some higher benefit that
can be quantified., Factors to be considered include:
-by-product recovery, either directly or by concentration for
recovery by another process.
—concentration of pollutants into a smaller volume for impounding
rather than destruction.
~-higher quality water for reuse in the plant that would otherwise
not be possible.
-selective treatment for recycle in the plant for a use that doesn't
require the quality of fresh make-up.
The various desalting processes provide these benefits to varying .
degrees. Their costs vary as well, so any analysis of new applications
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TABLE 1.

DESALTING PROCESS SUMMARY

RECATIVE
PROCESS
PROCESS PRETREATMENT CAPABILITIES ENERGY CONSUMPTION gl
max., jcan it [PROD. QUALITY equiv't
brine |cryst- |elec- Jorgan- low high primaIy (0 to
conc. J|al'ze? |'lyte ics TDS TDS fuel™*] 10)
EVAPORATION .
-multistage deaeration 25%  |yes 5 mg/ljvaries 12° 12° 85/85 10
~multieffect |deaeration 25% | no 5 mg/1|varies | 5°° 5°*| 200/200 8
-vapor comp. |deaeration 25% limited| 5 mg/l|varies 504' 904' 60/105% 10
. 2 .
REVERSE 0S- -filter, 5 u %s-brac 95%“, |varies 4. 4.
MOSIS / ULT- |-lime soft'n 6%-sea | no 994%%* |varies | 10 40 15/45 14 to 7
RAFILTRA'N or clarify
-precipitation
inhibitor
-pH control
ELECTRODIA- 2 4 4
LYSIS same as RO 15% no variés|0% sep'n| 10°° 50°° 15/60 | 4 to 7
RO/ED same as RO 15% no 97% varies - 504' - =/60 8
ION EXCH'GE ~filter - limited| 1 mg/1{0% sep'n] - - -/- 5
~act. carbon
orrorg, trap
FREEZE
CRYSTALL'N | 4 4
-vaste heat ~deaerate 25% yes 100mg/1 |99 .5+% 10°° 107 15/15 10
-convention |-deaerate (ggzgg; yes 100mg/1[99.5+% | 45 60’ s5/70| 10
1. Equivalent fuel at .35 generation efficiency, for electrical, and 1.0, for steam
2. ED effects about a 50% reduction in electrolytes per stage. It does not separate undis-
sociated organics.
3. LBS. WATER/1000 BTU Steam. Generally, the quantity given is that found economically and/
or technically practical.
4. KW-HRS/1000 GAL PRODUCT
5. Freezing reduces electrolytes and organics equally, is capable of achieving over 200 to 1
separation ratios, and produces a product of less than 100 mg/l without large wash losses.




requires definition of both the cost and benefit factors. The abili-
ties of the various desalting processes and characteristics that effect
their costs are outlined in Table 1.

PROCESS TECHNOLOGY

The desalting processes are being discussed in other parts of this pro-
gram. Further information is available in the literature. These pro-
cesses do have certain characteristics, in varying degrees, that make
them especially suited to reclamation of impaired waters, including:
-they all possess high energy efficiency in separating a pure water
from the dissolved solutes. A
-they can concentrate the solutes to high concentrations in a
correspondingly small volume of water.
-they have high separation factors (ratio of feed to product
concentration).
Since these characteristics, as well as cost factors vary between the
processes, all such characteristics must be considered in the process
selection for a given application. The differences between processes
are addressed by Table 1.

In some cases the processes can be used more efficiently together.

For example, when a water source has a relatively low concentration of
electrolytes a membrane.process will do the bulk of the water removal
more efficiently than will a thermal porcess. However, if it becomes
necessary to concentrate to saturation or even to produce salt crystals
then a thermal process is necessary. Where both are required then each
can be used where it is most effective. 'Where high concentrations are
needed and membranes would not normally be used, an alternative to
thermal processes is an RO/ED combination. Since RO is limited in
upper concentration it can't be used alone. Where a high quality pro-
duct is needed the power consumption for ED increases due to the high
resistivity of the product cell solution. The two can be used very
effectively together, the RO to produce a high quality effluent and
concentrate the solute so that energy consumption in the ED concen-
trator is minimized.

IRON AND STEEL MAKING

Wastewater Characteristics

The iron and steel industry is the single largest industrial user of
water[l . The average use has been reported at nearly 40,000 gal/ton
product Eﬂ. When recycle is forced upon a mill it has been reported
that the individual polution problems can be solved more economi-
cally(3]. An analysis of zero discharge for the industry[ﬁ] showed
that such action would add 4 to 5% to the cost of producing steel,
would require nearly $.5 billion to implement, and would add over
1100 MWe of electrical demand for the industry.

Water use in the different processes in a steel mill are summarized in

Table 2, with the flow regulations proposed in the EPA Effluent
Guideline.
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TABLE 2

STEEL MILL WASTEWATERS

PLANT WATER DISCHARGES WASTEWATERS
OPERATION GAL/TON STEEL & CHARACTERISTICS
conventional [EPA limit
Coking 2,500 to 8,000 175 -condensates and direct contact
quench waters.
.critical contaminants phenol,
HpS, NH3, CN™, oil, grease,
BOD.
Sintering 100 to 350 50 -indirect cooling and scrubber
gaters.
-suspended solids and oil are
major contaminants.
Blast 1,500 to 5,000 125 *indirect cooling is recycled.
Furnaces -slag cooling is direct; picks
(iron up suspended solids.
making) -scrubber waters contain sus-
pended solids, phenol, NH3,
CN~™ of major importance.
Steel 500 to 12,000f 0 to 50 -indirect cooling requirment ig
Furnaces high.
*scrubber waters pick up sus-
pended solids and fluorides.
Vacuum ? 25 -little contamination or waste
Degassing flow.
Continuous 1,800 125 *has both direct and indirect
Casting cooling.
-direct cooling waters pick up
suspended solids and oil.
Primary 300 to 2,000 25 -3ome indirect cooling of
Hot Roll- equipment.
ing -sprays for descaling and cool-
ing and flume waters pick up
scale and oils.
Secondary 1,300 to 16,000] O to 150 | -direct contact waters are
Hot Roll- used for cooling and
ing descaling.
Pickling 50 to 250 0 to 80 ‘rinse waters contain dilute
acid and iron salts.
-scrubbers are used to keep
acid fumes down.
Cold ? 25 to 1000 -alkaline cleaning is usually
Rolling part of the cleaning opera-

tion.
.waters are contaminated with
dirt, scale, and oil.
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Many steel mill wastewaters can be recycled for consumptive reuse with
minimal treatment. Cooling requirements, both direct and indirect, are
quite high, giving the mill a natural concentrator for some if its
waste streams. Recycle of mill wastewaters will change their quality
which may affect steel product quality. There is little information on
the quality of wastewaters in a steel mill and the quantities vary
widely between mills. The wastewater sources and characteristics can
be discussed qualitatively.

1. Indirect cooling water blown down from cooling towers and boiler
blowdown contain usually only dissolved salts and treatment
chemicals, unless oily wastes are used for makeup.

2. Direct contact cooling waters have traditionally been clarified and
discharged. Recycle will produce a concentration of dissolved
salts and contaminants leached from the coke and steel that they
cool.

3. Descaling waters are contaminated predominantly by suspended solids
and oil.

4, Scrubber waters from coking ovens and from steel-making furnaces
are contaminated with dissolved organics, ammonia, hydrogen sulfide,
cyanide and dissolved metals in significant concentrations.

5. Pickle liquors have 1 to 8% free acid and up to 10% dissolved iron.

6. Rinses from pickling, hot dipping, and finishing operations are a
diluted correlary of their respective baths.

7. Rolling operations produce a water-oil emulsion, either used
directly for lubrication or a result of cleaning operations on the
formed product.

Desalting Applications

1. Coking Wastewaters. Phenol extraction was developed for treatment
of coking concensates after the ammonia and hydrogen sulfide gases are
stripped. Even after stripping and extraction there is a high concen-
tration of other organics and volatilized metals left in the stream.
Concentration will make the stream suitable for solvent extraction to
recover the other organics. Acids could be concentrated by either RO
or freezing, but their volatility would probably prevent significant
concentration by an evaporative process.

2. Scrubber Waters. The scrubber solution from steel furnaces contain
reduction products, ammonia and hydrogen sulfide, and a mix of volatile
organics from cracking and condensing reactions. Fluorides from iron
ore are also absorbed in the scrubber. While the organics are not as
concentrated as those from the coking operation they do require treat-
ment. Effluent from a sour water stripper could be concentrated and
the organic stream combined with that from coking to recover phenols,
0il and grease, and organic acids.

3. Oily Wastes. Besides condensing oils in some of the scrubbing
systems, other areas in the steel mill also generate an oily waste. In
rolling operations the lubricant is often a water emulsion. Cleaning
solutions and spent rolling lubricants are major sources of oily wastes.
The common method of breaking these emulsions is with acidification to
pH 2 or lower. An alternative is to concentrate it with an ultrafil-
tration system.
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4, PickleRinses. The rinses from pickling are dilute solutions of the
acids used for pickling. The acid value does not justify recovery but
has to be neutralized for reuse. Pickling is usually done on a hot
form and the rinse water has to be cooled between uses, building up the
salt concentration. Chlorides in the rinse waters in excess cause
quality problems in the rolled product. Recycle pickle rinses require
side stream bleed and/or treatment to control product quality. Since
chloride is the main offender an ED or RO process would seem ideally
suited for the application.

5. Pickle Liquors. During a pickling operation the acid is consumed
by reaction with the iron oxides, leaving a reduced iron solution. The
acid value must be maintained or capacity of the pickling line declines
unacceptibly. With HCl this level is .5 to 1.% free acid with 10%
ferrous ion. With sulfuric acid there must be about 8% free acid with
an equal amount of dissolved iron. About 20 to 22 pounds of dissolved
iron are produced per ton of metal pickled with 2 pounds of HCl or 20
pounds of sulfuric acid in the spent stream.

Evaporation of the sulfuric acid waste with crystallization of the
ferrous sulfate is a common practice in pickling operations. The vola-
tility of HC1l prevents use of the technique in hydrochloric pickling
operations. Freeze crystallization at the water-ferrous salt eutectic
would be an alternative method of reclaiming spent pickle acids.

6. Direct Contact Cooling. Extensive reuse of water in a steel mill
will likely have some quality effects, depending on the original makeup
and the extent of reuse. In rolling mills the presence of excessive
chlorides in the rinse waters leads to pitting that then forms a hole
when the material is rolled into a sheet. High chlorides in the water
used to mix the sinter is also known to lead to inferior quality[ﬁ].
Recycling may thus lead to the need for a side stream desalting treat-
ment to remove chloride from the cooling waters.

7. Boiler Feed. The high cost of fuel does not affect the steel
industry to quite the extent that it does other industries because they
have large quantities of medium BTU gas as a by-product. Even so,
boiler efficiency is still a way to reduce costs significantly. Boiler
feed pretreatment by a membrane process is one way to improve this
efficiency, reducing energy losses in boiler blowdown significantly.

PETROLEUM REFINING

Wastewater Characteristics

In 1973 the petroleum refining industry used about 2.5 billion gallons
of water per day in their operations[6 . There is little quantitative
information on where this water is used or on how it becomes contami-
nated before discharge. The need for this information was cited at an
industry conference on wastewater management in 1978[73.

The water used in a refinery can be divided into three general catego-

ries:
-boiler makeup, with the generated stream used for process heat,
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cooling of high temperature processes, or for stripping volatile
components in distillation columns.

-direct injection of the liquid, for cooling or as the solvent in an
extraction process.

-co0ling tower makeup.

The 2.5 billion gallons a day of water is about 200 gallons per barrel
of o0il refined. A topping and cracking refinery with a good water
management program has the following design criteria for the water
systems[8]:

Evaporative cooling 40 gal/bbl

Cooling tower make-up  45-50 gal/bbl

Cooling tower blowdown 5-10 gal/bbl

Steam 15 gal/bbl
The difference between makeup quantities for the whole industry and the
consumption and discharge quantities indicates that most of the indus-
try can still do a lot to optimize their water management and in so
doing decrease their consumption of fresh water by some 10 billion
gallons per day.

A process schematic for a topping and cracking refinery is shown in
Figure 1. The makeup requirements for both water and steam are shown
as well as the source of the individual wastes. Not shown are miscel-
laneous but often significant water users and waste generators such as
pump seals, floor drains, storm séwers, and spills.

There is little quantitative information on the composition of individ-
ual waste streams. Refiners have not developed this information as
they have treated the combined stream. Collection systems in most
refineries also make it difficult to sample individual operations. The
best information on the individual streams discusses them qualitatively
only[9]. These are summarized in Table 3.

Desalting Opportunities

1. Organic Recovery. The crude oil distillation columns and the cata-
lytic cracking operations produce effluents high in phenolic and other
organic materials. Based on similarity to other cracking operations a
large fraction of the other_ organics would be organic acids and alco-
hols. It has been shown[lO that concentration of a similar waste
stream from coal conversion operations with subsequent incineration is
cheaper than 'biological oxidation. Concentration also raises the
possibility of’récovery of the orgaincs by solvent extraction. -

The referenced study compared freeze crystallization and reverse osmo-
sis for concentration of coal conversion wastes. Evaporation was not
congidered because of the similar volatilities of the organics and the
water. No present RO membrane has suitable organic rejection proper-
ties to make it an effective concentrator of the organic acids and
alcohols. The BOD concentrations of the two wastes would indicate that
concentration for recovery of destruction would favor the organically
contaminated refinery wastes even more than the process condensate from
coal conversion.

2. Zero Discharge Refineries. The EPA Effluent Guidelines development
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TABLE 3

REFINERY PROCESS WASTEWATERS .
PROCESS OIL NH3 PHENOL S” TSS TDS
Desalting X X X X X X
Crude Distillation
-atmospheric X X X X X
~-vacuum X X X
Thermal Cracking X X X X alk,
Catalytic Cracking X X X X
Hydrocracking X X X
Polymerization
-pretreatment X X acid
-gas scrubbing X X
Alkylation
-product wash X X X X
-accumulators X X
Isomerization
Reforming
-pretreatment X X
-accumulator X X X alk.
Solvent Refining
Hydrotreating X X X
Asphalt Production X X

document[lﬂ cites 55 refineries that proctice some form of zero dis-
charge. In fact, 36 of these have evaporation/percolation ponds, 7
have injection wells, and 4 use contract disposal. In many areas those
facilities with ponds will have to begin monitoring the groundwater
around them for contamination. All of these facilities may become
prime candidates for alternative zero discharge technology. In these
instances the biggest problem will be management of the dissolved salts
that can't be destroyed. Concentration will be the prime need. Recov-
ered water can be used in the cooling towers. See the discussion on
waste management in the zero dischatrge power generation industry for
more information on alternatives for this category of waste,

3. Boiler Feed Treatment. Large quantities of steam are generated for
process use by this industry. Much of it is generated in low to inter-
mediate pressure boilers that require little pretreatment but have
large blowdown fractions. Energy savings and reliability improvements
in the boiler system might justify a membrane process for improving
feed quality and decreasing blowdown.

ELECTRIC POWER GENERATION

This was the first major industry in the U.S. that had to implement

zero discharge technology. Desalting technology has been a major block

in the scheme to recycle process waters in the plant. The technology

is presented here because it illustrates three aspects of recovery of

impaired waters better than any other industry: ‘ l
~all of the desalting processes have been proposed for use in this
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application and have been tested or implemented to varying degrees.
-most industries have a large cooling load which is the predominant

part of the power industry water management problem. Knowledge
here will apply to other industies.

-it illustrates the importance of defining what the '"products" are.
The major value comes from decreasing the volume and cost of final
disposal of the dissolved materials in the plant streams.

Wastewater Characteristics

By far the greatestwater user in a power plant is the cooling system
and blowdown is the largest source of wastewater in the plant. A
general schematic is shown in Figure 2 of the water uses and wastewater
sources in a typical power plant. Power plants built in zero discharge
areas in the past decade have found it necessary to quantify flows
associated with such a schematic[l2]. A nuclear power plant is a
special version of this diagram where some of the wastes are collected
in a separate system and treated for decontamination. A fossil fired
plant with scrubbers is another special case. The scrubber system can
assimilate large quantities of low quality water into its opeations,
evaporating the water and precipitating the dissolved solids for
ultimate disposal with the fly and scrubber ashes.

Blowdown from cooling towers alone will amount to over .5 mgd per 1000
megawatts of capacity. Compared to this flow, all other waste streams
are relatively minor. The quality of the cooling tower blowdown can be
generalized:
-the stream will be nearly saturated with calcium sulfate and often
gilica.
-the TDS of the stream will vary with the quality of the make-up,
ranging from a few thousand to as high as 20,000 mg/l.
-pH is usually Jjust about neutral and the water usually has corro-
sion and precipitation inhibitor additives and, intermittently,
biocides.

Some of the other wastewaters from the plant can produce small changes
that affect any subsequent treatment of the combined stream. Floor
drains that contain any significant amount of o0il interferes with sus-
pended solid removal. Washwaters from economizers, especially in coal
fired plants, can contain fine suspended matter as well as large
amounts of dissolved material and require pretreatment before most of
the desalting processes. The demineralizer regenerant and flush waters
about neutralize themselves and are a problem only to the extent that
they add to the solids balance in the plant.

Modern power plants use high pressure boilers that require an ultrapure
feedwater. This is provided by ion exchangers often preceded by an RO
unit. A high quality makeup can decrease the cost of the make-up
through purchase of less expensive demineralizers and fewer regenera-
tion chemicals. These costs can be substantial and the basis for more
expensive recovery systems that produce a higher quality recycle water.
Any reclaimed water that exists beyond the boiler makeup requirement
replaces feed to the cooling towers and receives a credit accordingly.

In a zero discharge plant the solids in the water entering the plant,
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in the coal that aren't combustible, and any water treatment additives
must be stored in an environmentally sound manner. The method used has
always been on-site ponds with impervious liners. These ponds have a
surface that can be used for evaporation and zero discharge stations
have depended heavily on these for disposal of the water used to convey
the solids. The capital cost for all ponds beyond those needed for
solids storage is at least $17.50 per GPD of water evaporated. This is
a very expensive "brine concentrator". Replacing this is the chief
economic incentive for use of desalting equipment in the power industry.

Desalting Applications

1. Demineralizer Pretreatment. ITon exchange is an expensive way to
remove dissolved solids in waters. Partial desalting by a membrane
process allows the demineralizer to work at its optimum condition.
There is strong evidence that RO improves long term operations of the
demineralizer and extends resin life.

2. Dissolved Solids Concentration. While the bulk of the wastes need-
ing concentration come from the cooling towers, the rest of the plant
wastes are often combined with the blowdown for treatment.

The first process used to supplement evaporation ponds was a crystal-
lizing vapor compression evaporator[li]. These units have been in-
stalled in numerous zero discharge power plants, produce a crystal
slurry, and recover 95% or more of the wastewater feed. Part of the
Jjustification for the process is the high quality product that lessens
the load on the demineralizers. Demineralizer flow is less than 25% of
the cooling tower blowdown, so only part of the flow can be credited
with the high quality.

Reverse osmosis is being incorporated into the reuse schemes to pre-
concentrate the feed to the evaporators. The feed to the RO system is
lime softened and then acidified. Brackish water membranes have been
used with recovery usually limited to 75 to 80%. In some cases
recovery is limited by concentration, the osmotic pressure exceeding
the abilities of the membrane package.

Electrodialysis was also investigated for this concentration applica-
tion. It is not limited by TDS and can compete with the high recovery
thermal processes. Another advantage is that the costs for treatment
are not affected significantly by the volume to be treated. Costs are
mainly a function of the amount of salt that has to be removed. This
process would also require lime softening pretreatment. A series of
articles[l4, 15] described the technology and how it would fit into
this application. A major conclusion was that the plant would run most
economically with a cooling tower TDS of around 12,000 mg/l. Above
that level the cost of condenser leaks would exceed the cost of the
concentration.

Freeze crystallization was tested for this application in laboratory
equipment. The results were quite promising lé],showing that the unit
could work in a eutectic mode, crystallizing both water for recovery
and the salts in the feed.
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Power plants have a lot of waste heat available. Even though it is of
a low quality, it can be used to run a waste heat evaporator-crystal-
lizer[l?].

METAL FINISHING

Wastewater Characteristics

Most of the wastewater volume from metal finishing comes from opera-
tions that prepare the metal for the final plating step. Refinishing
operations have a first step of removing the old plated material.
Before actual plating occurs, the surface is cleaned in a series of
.operations such as:

-pickling for scale removal.

-solvent degreasing.

-detergent cleaning, often with an electrolytic assist.

-a final acid dip to dissolve any remaining oxidation products.

-rinses are interspersed between the cleaning operations.
Only after the substrate has been suitably prepared is the plating
operation done. Sometimes several metals aré plated sequentially if a
special finish is needed:. Other operations can also follow electro-
plating to give special properties.

Since organic cleaners don't enter the waste stream to any great degree,
there are three basic categories of wastes generated in an electroplat-
ing shop. A fourth is generated in shops that refinish used parts.

1. Cleaning solutions. These are generally alkaline sodium salts with
surfactants that are used in electrolytic cleaning. Different formula-
tions have been found to be effective on different metals}18). The
objective of such washes is to remove caked soil and dirt. When the
solution abilities become depleted the bath is dumped and replaced.

The solution usually contains 3 to 10% dissolved salts, usually pre-
dominantly hydroxides and metasilicates of sodium.

2. Plating baths. These solutions are very diverse but can be dis-
cussed qualitatively. Generally, a plating bath contains materials
that perform each of the following functions:

-the plating metal 1s in the solution as a soluble salt. The con-
centration of different plating materials will vary from 3 to over
30%. The acid-alkaline nature of various plating baths is. summa-
rized in Table 4.

<electrolytes are added in cases where the metal alone doesn't pro-
vide sufficient electrical conductivity. If the solution doesn't
have sufficient pH buffering capacity a weak acid or base is added,
usually boric acid and ammonia, respectively.

-other additives that give spec1al properties to the platedxmater;al.
Surfactants and sugars are used for deposit uniformity and bright-
ness. Chelating agents are added to prevent crystallization of
metal salts or impurities that enter the plating bath.

3. Rinses. 7To prevent contamination of the various cleaning and plat-
ing baths, there is always a rinse between operations. With counter
current rinsing there is typically a 1000 to 1 dilution of the plating
or cleaning solution in the rinse[}Q
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TABLE 4

METAL PLATING BATH CHARACTERISTICS

METAL BATH TYPICAL|METAL CONQ COMMON BUFFER1

PLATED ACID|ALK|CN™| ANION gm / 1.} ELECTROLYTES HBO3 NH4
Copper, acid . < 1 x SOQ, BF4 300-400 - 15-30{ -
Copper, alk. CN, P207 15=75 NaOH, Na2CO3 - 2
Cadmium x| x CN 30-60 KCN, KOH - -
Chromium X 504, Cl | 250-400 - - -
Brass x| x CN 60-80 NaCN, NaOH, - |30-40
Gold, acid X CN 5-40 HPOQ: - -
Gold, alk X [ X CN 5-30 KOH, K2CO3 - -
Silver, alk x| x CN 30-50 KCN, KNO3 - -
Nickel X BF4, SO4 200-400 NiCl, 30-40) -
Zinc, acid X SO4 300-500 - - 15-30
Zinc, alk x| x CN 60-75 NaOH - -
Iron X SOA, BF4 250-450 - - -
Tin X 804, BF4 50-100 - - -
Lead X BF4 300 HBF4 135 | -

'buffer concentration in grams/liter

Desalting Applications

1. Cleaning Baths and Rinses.

In operations where the purity of the

rinse water is critical, as in semiconductor manufacturing, the demin-

eralized water used for rinsing is quite expensive.

A desal

ting pro-

cess could recover this high quality rinse for recycle, lowering the

load on the ion exchange

units.

Organics used in photoresists, clean-

ing solutions, or for stripping photoresists will have to be rejected

from the product water or an adsorption process added.

The

value of

cleaning chemicals is low but a side-stream ultrafiltration operation
would extend their life and maintain a higher quality.

2. Plating Rinses.

Evaporation, RO, and ion exchange have all been

used in recovery of metals from various plating line rinses.
exchange is limited in its ability to return all components to the
Before the rise in energy prices, evaporators were shown
to economically concentrate rinse waters if counter current rinses were
used to minimize the volume[ZO]. RO has been used quite extensively
and shown to economically concentrate rinse streams for return of the
drag-out to the plating baths[?f}.
lists those plating operations with rinse water that require other

plating bath.

methods in addition to or in place of RO.

Ion

A review of treatment methods(22]

Freeze crystallization has

also been shown to economically concentrate rinse waters from electro-
It has the advantages of higher concentration

plating operations({23].
and equal recovery of all components.

Care must be taken to maintain

bath chemistry when recycling metals if some of the bath components are
not concentrated to the same extent as the metal ions.

63



3. Pickling Baths. Pickling from metals other than steel can usually
be handled the same way as in the iron and steel making industry,
described above. The basis for pickling is that the metal oxide is
reduced, making it soluble in the acid. The basis for recovery then
becomes removal of the metal and anion residual from the acid and
reconcentraion of the remaining acid. Alternatives for treating the
baths directly include:
-evaporation and cooling crystallization of the metal salt where it
shows a significant temperature-solubility relationship.
-crystallization alone if the metal salt that precipitates is
sufficiently hydrated or the make-up acid is suitable concentrated.
-with volatile acids, such as hydrochloric, the waste pickle liquor
can be processed in a roasting operation where the metal is oxi-
dized and the diluted acid is vaporized and recaptured in a
scribber for recycle to the operation.

4, Stripping Wastes and Rinses. When refinishing includes removing
the previous deposits, the wastes and rinses are a complex mixture of
metals and oxidizing acids. The high acid concentrations make neutral-
ization and precipitation impractical, even for rinses. Membranes are
not suitably stable. Evaporators would require exotic material of
construction and are therefore uneconomical. Freeze concentration seems
to be ideally suited for concentrating the rinses for readdition to the
process solution or for electrolytic recovery of the metals.

PULP AND PAPER MAKING

Fiber for making paper is obtained by dissolving the non-fiberous mate-
rials from a cellulosic material. The result is a water solution of the
chemicals used to dissolve those materials and the organics themselves.
Most pulping operations recover the chemicals and dissolved organics
and reuse them in some way.

Figure 3 shows the basic operations in an integrated pulp and paper
mill with the major wastewater sources. Many of the mechanical opera-
tions necessary to make paper are not shown. Pulp mills minimize
wastes from the pulping operation by counter-current washing of the
pulp and concentration of the pulping liquors for reuse. Wastes are
generated from bleaching operations, from the dilute pulp wash waters,
from spills, and from the volatile materials that are evaporated with
the water in the chemical recovery evaporators.

Wastewater Characteristics

The pulp and paper industry in the U.S. uses just under 6 billion gal-
lons of water a day. Only about 6 or 7% of this is actually consumed
in making the paper, most of that in the cooling towers. Wastewaters
in pulp and paper mills come from process and cooling operations. A
typical integrated mill will consume about 1250 gpm for cooling, pro-
ducing 100 to 400 gpm of blowdown. The volume and quality will depend
directly on the source of the make-up water and on water treatment
employed.
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INTEGRATED PULP/PAPER MILL
SIMPLE PROCESS SCHEMATIC

Process wastes arise from four major areas, and can be qualitatively
described.

1. Weak black liquor, is that flow from final pulp washing operations,
or from spills contaminated with the chemical mix (black liquor) after
digesting wood chips to make pulp. Typically these wastes contain less
than 3% total solids. The composition of the 1 to 3% solids in this
waste is about evenly divided between organic and inorganic components.
Most of the organics are lignins but 5 to 10% are alcohols, organic
acids, organic sulfur and other low molecular weight organics. The
inorganic fraction reflects the chemical used in cooking. These dilute
streams would thermally and hydraulically over load the black liquor
evaporators if added directly to them.

2. Bleach plant effluents contain the by-products of the operations
used to remove color from the cellulose fiber. This is usually amulti-
stage process, using different bleaching agents in the various stages.
Conventional agents are chlorine, chlorine dioxide, caustic, and hypo-
chlorite. Conventional bleach plants produce an effluent containing
about .25% solids. Counter-current and continuous bleaching can
increase this to about 1%. Different cooking processes, wood feed, and
bleach cycles can increase the total solids in the effluent from the
bleaching stages. Of the solids in this waste stream, 40 to 50% are
salts of the bleaching compound and 10 to 20% are organics, which are
not very biodegradable.

3. White water is the water collected in a paper machine that is either
drained from the pulp, used to wash the pulp, or used to wash the fiber
from the paper forming screen. In mills where this water is not recy-
cled the dissolved solids content is less that 1%. Many mills have
begun to recycle this water. The equilibrium solids level has been
reported to be 3.5% or greater. Most of these solids are organic.
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Volatile organics account for about 5% of the organics. Sodium salts
account for 25% or less of the solids.

4, Evaporator condensates contain the volatile components that are
vaporized with the water in the black liquor evaporators. In alkaline
plants the average concentration of volatile organics in the condensate
is over 250 mg/l. In neutral and acid plants, where the organic acids
are also volatile, the condensate can have 1000 mg/l. Digester blow
tanks produce a much more concentrated waste stream that contributes
nearly 10 times the volatile organics[?é]. Several operators have
found it more economical to recover these volatile organics then to
treat them in the wastewater[?S, 26f .

Several other operations occur in some mills that generate a waste
stream of importance. Barking produces a wastewater contaminated with
readily soluble wood chemicals. Specialty papers are coated with
various materials, predominantly titanium dioxide and clays. The
colloidal materials present a separation problem. Mills that reclaim
waste paper have to go through a de-inking operation that generates a
wastewater with up to .5% contaminants, chiefly organic.

Desalting Applications

This industry, where all of the wastes contain significant quantities of
organics, many of them low molecular weight alcohols and acids with
significant market value, and all of them with high BOD levels, seems to
be an ideal place for desalting processes. Most mills have some spare
evaporator capacity so the concentrate from any dilute mill waste can be
added to the evaporators. Evaporator concentrate is fed to recovery
boilers where the organic content is combusted and provides a signifi-
cant part of the mills energy.

1. Black Liquor Evaporator Enhancement. Mills recently have been

increasing evaporator capacity by adding another effect, which down-
grades following effects somewhat but does not add any steam load. A
study for DOE showed that freeze concentration for preconcentration of
black liquor to 25% solids could significantly decrease energy require-
ments in a mill[??].

2. Weak Waste Concentration. Concentration of the weak wastewater

discussed above would reduce the load on the biological treatment plant
as well as recover organics for combustion or by-product value. The
Institute of Paper Chemistry has tested RO and evaluated freeze crystal-
lization in the laboratory for these applications[28 . Significant
technical development is needed to develop RO membrane and freeze
crystallizers to concentrate these wastes economically. Existing RO
modules require pretreatment to prevent fouling. Some ultrafiltration
equipment would be able to concentrate and remove over 75% of the BOD
from the waste streams, but that would not address the problem of salt
build up if the wastewater were recycled. Since the greatest by-product
value is in the volatile organics a process that would concentrate them
for subsequent recovery would have even greater economic incentive.
Freeze Crystallization seems to meet those needs.

3. Dissolved Solids Control. Recycle in the bleach processes is

limited by build up of salts. Closed loop white water systems have led
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to excessive corrosion in some instances. In plants with recovery
boilers the salts from various sources could be recycled thru the
boiler if they were adequately concentrated.

MINERAL AND NON-FERROUS METAL MINING

This industry is extremely diverse, including not only actual mining
but also on-site beneficiation processing that is necessary for trans-
portation and/or recovery of the primary metal, Mine drainage is not
discussed here as most places have found it more economical to treat
conventionally. While many of the wastewater problems in this industry
are solved, there are some that persist. In surveying the industry the
EPA has documented the major remaining problems[ZQ].

Wastewater Characteristics

The following beneficiation processes can generate an aqueous effluent:
-wet grinding and screening operations.
-centrifugal classification.
-flotation and aqueous extraction concentrations.
Usually the mine stores these wastes on-site with the tailings or lets
them overflow the tailings pond into a receiving stream. In many mills
where the mineral is extracted and refined on site there are other
wastes that are added to the tailings ponds as well.

There are generally two kinds of wastes generated from mining and
beneficiation processes and a third when refining is practiced on-site.
Wastes from the initial grading and classifying operation are contam-
inated with soluble minerals in the ore. They present a problem with
ground water contamination since the tailings ponds are seldomly lined.
Flotation uses chemicals that enhance separation. In extraction pro-
cesses a chemical is added that chelates, complexes, or in some other
way reacts with the particular mineral of interest. With, for example,
gold and silver mining this extractant is cyanide, usually at 200 to
500 mg/l. Excess flotation aids and extractants pass out with the
process waters and contaminate the ground water or receiving stream.

Mining operations with current problems include:

1. Copper, where cyanide is used as a flotation aid, and contaminates
ground waters around the tailings ponds.

2. Lead and zinc mining, where the flotation agents pass into the
plant effluents and form a surface film on tailings and clarification
ponds and pass on through to the receiving stream.

3. Gold and silver mining, where the extraction cyanides create a
ground water problem.

4, Uranium mining where the tailings still contain a few percent
uranium that eventually leaches into the water in the ponds. Recycle
of this water builds the chloride content to the point that further
reuse is not feasible. Ground water contamination is becoming such a
problem here and in the solution mining of uranium that ponds will have
to be lined with synthetic liner in the future if they are allowed at
all.
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Desalting Applications

Pretreatment requirements for many of these wastes present more of an
impedement to desalting processes than does the actual cost of the
equipment. For instance, in the uranium milling operation an acid
extraction is used that results in a high acidity in the tailing pond
water. Softening and neutralization is more expensive than the desalt-
ing that follows. Solution mines require desalting during restoration
to remove all traces of the mining chemicals from the aquifers in which
they have operated. More than likely other mining operations will also
find that they have to go to similar measures to minimize the waste-
water that they have to impound.

Desalting processes can address several needs that the mining industry
is likely to have.

1. Water Recycle. Storage in many operations will become excessively
expensive and water recycle will be adopted. A bleed of a concentrated
dissolved solids stream will minimize storage requirements.

2. Chemical Recovery. Concentration of waste streams will allow more
economical recovery and recycle of the flotation and extraction
chemicals. A loose RO membrane should concentrate organic flotation
agents for either direct recycle or for economical extraction from the
water by another organic.

3. Direct Recovery. Many of materials in this category have a strong
temperaturé -.solubility effect. Since single effect evaporator
crystallizers are used, energy savings would usually justify conversion
to a vapor compression cycle to a eutectic freeze crystallization
process.
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ABSTRACT

Desalination of seawater is vital to the development and growth of many
countries in the world including Saudi Arabia. Numerous processes have
been proposed for this purpose, but only a few of these have attained
important commercial status. Multiple-effect distillation (MED), multi-
ple-stage flash distillation (MSF) and reverse osmosis (RO) are being
used now for seawater desalination.. Vapor compression, freeze separa-
tion and solar distillation have been less developed and are limited to
very special cases. Saudi Arabia has gained a valuable experience,
with large M.S.F. and R.O, plants, which is proving to be useful in
designing new ones. This paper discusses the various seawater desali-
nation methods, the Saudi Arabian experience with seawater desalination
and the prospects of utilizing solar energy in seawater desalination.

INTRODUCTION

Desalination can be defined as the science of producing fresh potable
water from saline supplies reliably and at a reasonable cost. The World
Health Organization has specified the maximum total dissolved solids
concentration permissible in public water supply not to exceed 500 ppm.
Therefore, the salinity of seawater (35,000 ppm or more) and of brack-
ish water (about 3,000 ppm) must be reduced to less than 500 ppm. This
paper will deal only with seawater desalination which is expensive and
more complicated than that of brackish water.

Numerous processes have been proposed for the desalination of seawater,
but only a few of these have attained important commercial status. Dis-
tillation and reverse osmosis are being used now for seawater desalina-
tion. Vapor compression, freeze separation and solar distillation have
been less developed and are limited to very special cases. In this
paper, we will briefly review the major seawater desalination methods,
then examine how two of them are being used now in Saudi Arabia, a
country which has a desalination capacity in excess of 181,800 CMD
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(48 MGD). The Saudi Arabian experience with multistage flash (MSF) and
reverse osmosis (RO) seawater desalination plants is important to the
rest of the world. Finally, we will comment on the energy consumptions
and the prospects for solar energy utilization in seawater desalination.

PROPERTIES OF SEAWATER

Seawater Composition

There are probably over 70 chemical elements that have been detected in
seawater, and it is probable that it contains traces of every naturally
occurring element., The majority of the constituents exist in ionic form-
often as pairs or in complexes rather than as single ions. Seawater has
been analyzed in many parts of the world and has been found to have a
fairly uniform combination of chemicals in most of the seas. The total
concentration of dissolved salts, however, varies appreciably from one
sea to the other. In the Middle East, for example, the salinity of
seawater varies from 13,000 ppm in the Black Sea to over 60,000 ppm in
the Arabian Gulf. The salinity of some seas varies with season. The
Arabian Gulf salinity varies between 45,000 ppm and 60,000 ppm depend-
ing on the tide and wind currents, while the Red Sea salinity does not
vary that much. Table 1 shows the ionic composition, the total dis-
solved solids (TDS), pH and temperature of water in certain locations
on the Red Sea and the Arabian Gulf.

All the atmospheric gases are found in solution in seawater. Oxygen
and nitrogen are mostly physically dissolved. Carbon dioxide partially
reacts with water to form carbonic acid and its dissociation products.
A wide variety of dissolved organic compounds exist in seawater. These
include aromatic hydrocarbons from hydrocarbon spillages and other sub-
stances derived from industrial wastes as well as substances such as
carbohydrates derived from marine organisms.

Properties of Water and Aqueous Solutions

The following properties of water are important to desalination. Water
is a dipolar molecule. Therefore, it is a good solvent for ions. It
forms ions itself; its boiling point varies significantly with small
changes in pressure and it has relatively high specific and latent
heats. As far as aqueous solutions, the important properties are:

- Solubility Limits : Most salts have a limited solubility in water.
This limit depends on temperature and sometimes, to a lesser extent,
on pH, and the presence of other ions. The majority of salts become
increasingly soluble with rising temperature but one or two do the op-
posite and these often cause problems in desalination. The three most
troublesome salts tend to be CaCO3, CaSOy and Mg(OH);. All of them
have relatively low solubilities and often occur in nearly saturation
quantities in seawater feed.

- Boiling Point Elevation : The presence of a non-volatile salt in
water will raise its boiling point.
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TABLE 1. SEAWATERS OF SAUDI ARABIA
Tonic Composition Temperature
Location Na Ca Mg S0, Cl HCO4 SI0, TDS pH Min.oc Max.
Al-Khobar, Arabian Gulf 19,100 617 2069 4523 32100 127 2.0 58500 8.1 15 35
Jubail, Arabian Gulf 12,998 517 1594 3282 23588 141 2.5 42528 8.2 15 35
Al-Khafji, Arabian Gulf 13,460 500 1665 3100 23100 135 5.0 42000 8.3
Jeddah, Red Sea 14,000 520 1476 2960 22000 200 0.4 41200 8.0 22 32
Yanbu, Red Sea 13,626 750 1600 3700 23500 120 0.5 43300 8.0 24 30.5




— Vapor Pressure Lowering : Similarly the presence of salt in solution
will lower the water vapor pressure at any given temperature.

— Freezing Point Depression : The presence of salt in solution will
lower the freezing point of the water in the solution.

— Osmotic Pressure : If a semi-permeable membrane that allows water to
pass but not salt, is used to separate pure water from a salt solution,
then the osmotic pressure is that pressure to which the saline solution
must be subjected in order to halt the flow of the pure water through

the membrane into the saline solution. This is the process of osmosis.

- The Membrane Potential : If two saline solutions of different con-
centrations are separated by an ion selective membrane that will allow
either only anions or only cations to pass and is impermeable to water,
an electrical potential develops between them.

- Minimum Energy of Separation : The minimum energy input to achieve
the desired separation is the free energy difference between the out-
going and incoming water flows where they all enter and leave at the
same temperature and pressure. In this case the desalination plant
would be thermodynamically reversible.

In order to obtain an idea about the order of magnitude of the above
properties, they were estimated for a 35000 ppm solution of sodium chlo-
ride which is roughly equivalent to standard seawater. The estimated
results are 1

1) Boiling point elevation at 1 atm is 0.63°C.

2) Vapor pressure loss at 100°C is 0.0228 bar.

3) Freezing point depression at 1 atm is -2.28°c.

4) Osmotic pressure at 300K is 30 bar.

5) Membrane potential relative to a 0.05% NaCl solution at 300K is
0.11 volts.

6) Minimum energy of separation for a 50% recovery ratio is 77 KJ/Kg-
mole or 4.3 KJ/Kg.

SEAWATER DESALINATION METHODS

Several desalination methods exist nowadays and for convenience they
can be classified by energy consumption or by considering the band of
feedwater salinities for which they are applicable. Another useful way
to classify desalination methods is to separate the processes into
those which involve phase change to separate the pure water from the
saline water and those which do separation without phase change.

In the first category the processes are:
1) Multi-stage Flash Distillation (MSF)

2) Multiple-Effect Distillation (MED)
3) Vapor Compression
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4) Solar Distillation
5) Freezing

While those in the second category are :

6) Reverse Osmosis
7) Electrodialysis

The basic principles of each of the above processes are explained in
the literature [1,2,3]. But the suitability of the various methods of
desalination is illustrated in Figure 1. From this figure, one can

see that the phase-change processes are capable of producing potable
water from high salinityfeed waters at an economical rate while those
classified as non-phase change methods are only economically viable
with low salinity feeds. Due to recent technological advances, reverse
osmosis is now being applied to the desalination of seawater although
it is still too early to measure its success.

This paper is mainly concerned with seawater desalination, therefore,
only those methods applicable to such type of feed, and of importance
to Saudi Arabia, will be reviewed here. The methods are multistage
flash distillation, multiple effect distillation, vapor compression,
freezing, and reverse osmosis.

Multi-Stage Flash Distillation [1,2]

The multi-stage flash distillation (MSF) method is illustrated in fig-
ure 2. In this process seawater feed is taken into the plant, after
screening, and is fed through the heat rejection section whose function
is to reject thermal energy from the plant to allow the product water
and the brine blow down to leave the plant at the lowest possible temp-
eratures. A portion of the warm feedwater (known as the makeup water)
passes through the deaerator and the decarbonator then is combined with
the recirculating flow to form the feed to the heat recovery section.
This water passes through a series of heat exchangers, its temperature
being raised as it does so. After passing through the last of these
exchangers, the warm dilute brine enters the brine heater. Here its
temperature is raised until it is approximately equal to the saturation
temperature for the system pressure, The hot dilute brine then enters
the first stage or flashing chambre through an orifice and in so doing
has its pressure reduced. Since the water was already at saturation
temperature for a higher system pressure, it will become superheated
and give off water vapor. This is known as flashing. The formed vapor
in stage 1 passes through a wire mesh (demister) to remove any entrain-
ed brine droplets and onto the heat exchanger tubes where the vapor is
condensed and drips into a collector or distillate tray. The latent
heat of condensation is thus transferred to the flowing inlet seawater
inside the tubes. This is the reason this section of the plant is
called the heat recovery section. The process is then repeated all

the way down the plant as both brine and distillate enter the next
stage which is at a lower pressure.
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The multi-stage flash process has an important advantage over other
distillation processes because the number of stages used is not strict-
ly tied to the performance ratio (defined as the number of pounds of
distillate produced per 1000 Btu of heat input) required from the plant.
The minimum possible should be, roughly, greater than the performance
ratio, while the upper limit is imposed by the boiling point elevation,
defined earlier as the elevation of boiling point due to the presence
of non-volatile solute above that of the pure solvent at the same pres—
sure. The minimum interstage temperature drop must exceed this for
flashing to occur. Within these limits, we are free to vary the number
of stages., This is advantageous because as we increase the number of
stages, at a cost of extra partitioning, we increase the temperature
difference over the heat exchangers and hence require less heat trans-
fer material with obvious saving in plant capital cost. The tubes of
the heat exchangers or evaporators could be arranged either parallel

to the direction of brine flow (long-tube design) or perpendicular to
it (cross-tube design). In the latter case, the tubes could be either
horizontal or vertical. An example of a seawater MSF desalination
plant is Jeddah II which will be discussed in the next section.

Multiple Effect Distillation [1,2]

In multiple effect distillation vapor is produced by either pressure
reduction (flashing) or by heat input (boiling). Unlike MSF process,
the MED process operates on a once through system having no large
amount of brinme recirculation. Therefore pump sizes are smaller.

Similar to the MSF process, the inlet seawater passes through a series
of heaters (condensers for the vapor) but after passing through the
last of these, instead of entering a brine heater, the seawater enters
the first effect where heating steam raises its temperature to the
saturation temperature for the system pressure, thereafter the thermal
input to the effect produces evaporation. Part of the formed vapor
goes to heat the inlet feed and the other part provides the heat supply
for the second effect, which receives brine from the first effect. The
process is then repeated all the way down the plant. The distillate
also passes down the plant, flashing as it does due to the progressive
reduction down the plant of the system pressure.

There are several plant arrangements possible with multiple effect dis-
tillation. Modern plants may have vertical tubes, Figure 3, or hori-
zontal tubes with steam condensing on the outside of the tube and boil-
ing on the inside, or, conversely with steam condensing on the inside
and boiling on the outside of the tube. These arrangements eliminate
hydrostatic head suppression of boiling.

The performance ratio of an MED plant is rigidly tied to the number of
effects for that plant. This condition is the reverse of that for an
MSF plant. For a performance ratio of ten, an MED plant will have
about 13 effects while an MSF plant could have from about 11 to approxi-
mately 35. The choice for the latter plant depends on factors such as
relative cost of material. A comparison of the MED process against the
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MSF and vapor compression processes, that includes operational condi-
tions and costs, are available in the literature [4].

Vapor Compression Desalination [1,2]

In distillation processes the energy input to the system is accomplished
by heating, whereas in vapor compression the input is accomplished using
a work device, Figure 4. The seawater feed entering the plant is ini-
tially heated in liquid/liquid heat exchangers by the brine blow down
and the distillate streams. The seawater then enters the brine heater
where it is further heated by the thermal rejection from the compressor.
The feed then enters the flash evaporator where vapor is formed. The
method shown in Figure 4 is based on the horizontal falling film pro-
cess, Similar to the MED process, vapor produced in this effect is
then passed to the vapor compressor where it is compressed; its temp-
erature being raised in the process and then passed back to the first
effect. The compressor represents the only energy input to the system
and as the latent heat is effectively recycled round the plant, the
compressor only has to supply energy for the flash drop plus losses and
consequently very high performance ratios may be ‘obtained. For valid
comparison with energy consumption in MED process, for example, the
electrical energy consumed in the compressor has to be converted into
primary fuel energy. This can be done by approximately multiplying
the power consumption by a factor of 3.

The economy of this process is favorable and that is due to the regen-
erative use of heat noted above and to the simplicity of design [4,5].
However, of the total installed capacity of land based seawater dis-
tillation plants for domestic use, vapor compression accounts for less
than 1%. Presently the VC plants are of small capacity type, often
about 200 metric tonnes per day and rarely over 600 tpd. This limita-
tion is due to the capacity of the compressors available now. Also,
operational problems with large vapor compressors make people wary
about large VC plants.

Freeze Desalination [1,2]

Freezing is attractive from energy point of view because the energy
required to freeze a unit mass of water is about one sixth of the
energy required to evaporate it. The freezing of a salt solution
causes crystals of pure water to nucleate and grow leaving a brine
concentrate behind. Figure 5 shows a one commonly proposed freezing
method, where a secondary refrigerant, namely, butane is evaporated in
direct contact with seawater to remove the latent heat of crystalliza-
tion. Inlet seawater is precooled by heat exchange with the product
water and blowdown brine streams. The seawater then enters the freezer
where liquid butane is bubbled through it. Butane vaporises and lowers
the water temperature causing the formation of salt-free ice crystals
in a more concentrated seawater or brine. About one-half of the sea-
water is frozen into ice crystals, the ice-brine slurry is then pumped
to a washer-melter. The slurry rises in the water and the ice crystals
are compacted into a porous bed of ice. The bed of ice is pushed upward
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by a slight positive pressure caused by the brine flowing through the
bed and outward through screens positioned near the middle of the
column. The rising ice bed is washed then removed by means of a mecha-
nical scraper into the outer annulus which is called the melter. The
butane vapor which contains the heat removed to form the ice, is com-
pressed in the primary compressor and then introduced into the melter
where it condenses on the ice. Heat is given up and the ice is melted.
The condensed butane and the product water flow together to a decanter
where the two liquids are separated.

The product water leaves the decanter to the fresh water storage tanks
while the liquid butane is recycled back to the freezer. Butane vapor
not required for ice melting is further compressed by the secondary
compressor and then condensed in the butane condenser. The condenser
is cooled by seawater. The liquid butane is re-cycled to the freezer.

There are other freezing processes that we will not discuss here but
are discussed in the literature [2,5]. A major advantage of the freez-
ing process is obviously the low temperature at which desalination
takes place. The two main sources of difficulty in the distillation
process, chemical scaling and corrosion, will be far less apparent in
the freezing process. Because of the minimal corrosion effects in
freezing plants, cheaper construction materials such as non-corrosive
plastics, protective coated low-alloy steels and concretes may be
employed.

However, there are several problems with freezing plants such as heat
.transfer problems in the heat exchangers, high energy input to the
compressor etc., and they have to be solved before the process emerges
on the world market. The market is now dominated by MSF method and
‘freezing would have to be proven superior to it before being accepted.
This would require large sums of money to build a full scale trial
plant.

Reverse Osmosis Desalination [1,2] :

Reverse osmosis takes its name from the fact that in this process water
is made to pass from the more concentrated solution to the less con-
centrated one, which is the reverse of the osmosis phenomenon. The
force necessary to accomplish this is the application of pressure
greater than the osmotic pressure of the saline solution, For the case
of seawater, if the required pressure is applied then pure water will
be obtained on one side of the membrane and concentrated brine on the
other side, Figure 6. The energy input to the system will be a func-
tion of the pressure required and hence of the salinity of the feed.

The important factors in reverse osmosis are rejection ratio, flux and
membrane life, with usually high salt rejection being achieved at the
expense of low flux and vice versa. There are various designs of mem-
branes such as spiral wound, hollow fibers, etc. But the membranes are
very sensitive to biological and non-biological fouling. Because of
this reverse osmosis plants normally require elaborate pretreatment
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units. An important example of seawater reverse osmosis method is
Jeddah 12,000 m3/day RO plant. This plant will be discussed in details
in the next section.

SEAWATER DESALINATION IN SAUDI ARABIA

Desalination of seawater is one of the most important engineering tasks
facing Saudi Arabia today. Seawater desalination is under the juris-
diction of Saline Water Conversion Corporation (SWCC). Since its
creation in 1965, SWCC has established several desalination plants on
the Red Sea and the Arabian Gulf. Figure 7 is a map of Saudi Arabia
showing the locations of existing and planned plants. Tables 2 and 3
contain information about the existing seawater desalination plants,
those that were built by SWCC or by other organizations. The antici-
pated country's need for desalinated seawater and power in the near
future is shown in Table 4. This table, which lists plants under cons-
truction and planned plants, is taken from the current Saudi Arabian
five year plan [6]. According to Table 4, the total seawater desalina-
tion capacity in 1980 is 181,800 CMD while the total generated power
for the dual purpose plants is about 350 MW. 1In 1987 the total water
production is estimated to be 1,900,900 CMD while the total power
generation is estimated to be 4300 MW, Most of the new plants will be
constructed on the Red Sea coast. Desalinated seawater will be pumped
to cities like Medina and Riyadh about 190 and 465 kilometers inland
respectively. Also cities like Taif and Abha which are on the moun-
tains, about 1500 and 2300 meters respectively above sea level, will
obtain desalinated seawater.

Almost all of the desalination plants that are being operated by SWCC
now are of the MSF type. Some of them are cross-tube design, but the
majority are long-tube design. The antiscaling additive used in the
majority of the plants is sulfuric acid which is manufactured locally
by Safco in Dammam. The energy source for plants on the eastern coast
is natural gas while plants on the Red Sea use liquid fuels. Most of
the new plants will continue to be MSF. However, SWCC is willing to
establish reverse osmosis seawater desalination plants for small towns
like Al-Birk on the Red Sea.

Typical Saudi Arabian Seawater Desalination Plants

Jeddah II MSF Plant

This plant is representative of seawater MSF desalination plants in
Saudi Arabia. It is a dual purpose plant and was started in 1978. The
plant comprises two oil fired boilers, two passout condensing turbine
generator units and four desalination units complete with all auxiliary
plant and equipment. Experience with Jeddah I helped make this plant
more reliable. Some specific information about the plant is listed
below [7].
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TABLE 2. MSF DESALINATION PLANTS IN SAUDI ARABTA

Water Produc- Electricity Contract Cost Start-up

Location tion, CMD MW Contractor $ 10° Date Contracting Agency

Wajh I 227 Aquachem 0.57 1969 SwWCC

Wajh II 454 Weiritam, Sowit 21.24 1979 "

Duba I 227 Aquachem 0.57 1969 "

Duba II 454 Weiritam, Sowit 1979 "

Jeddah I 18900 50 AEG, Contin. Eng. 52.28 1970 "
IHI, Aquachem

Jeddah IT 37850 80 Brown Boveri, 210.00 1978 "
Citoh, Sasakura

Jeddah III 75700 " 200 Kraftwerk Union 525.00 1979 "

Deutsche Babcock
Weir Westgarth

Khobar T 28400 Aquachem 47.36 1973 "
Khafji I 454 Sasakura 3.03 1974 "
Khafji 1249 Krupp 5.17 1978 "

(quick flow)

Umm Lejj I 454 Krupp 12.00 1975 "
Farasan 500 0.77 Krupp 12.30 1979 "

Hagl I 454 Hitachi-Zosen 13.00 1979 "
Khafji 1890 Sasakura 1966 Arabian 0il Co.
Khafji 2270 " 1971 " "

Khafji 2270 " 1975 " "
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Water Produc- Electricity Contract Cost Start-up

Location tion, CMD MW Contractor '$ 108 Date Contracting Agency

Dammam 1325 Sasakura 1973 SAFCO

Ras Tanura 1100 " : 1973 ARAMCO

Ras Tanura 1630 " 1973 "

Ras Tanura 1630 " 1975 "

Ras Tanura 3255 " 1978 "

Ras Tanura 1630 " 1978 "

Jeddah Refinery 6132 Weir Westgarth 1976 Petromin

Jeddah Airport 20800 Sumitomo, 1980 International Airport
Weir Westgarth

Yanbu 2044 Sasakura 1978 Royal Commission for

(Barge Plant) Jubail and Yanbu

Yanbu Refinery 3785 Weir Westgarth 1979 Petromin

Jubail 18900 Hitachi 1980 Royal Commission for

(Barge plant) Jubail and Yanbu




TABLE 3.

RO SEAWATER DESALINATION PLANTS IN SAUDI ARABIA

Location|Start|Capa-|Mem- |Feed-|Product|Contracting|Contractor | Cost
up city |brane|water |Water Agency $106
Date |CMD Type
Jeddah (1979 (12000| SW |Sea- |Potable SWCC U.0.P. 30
water
Yanbu 1980 | 3000| HF " " Royal Com~ | Polyme- 07
mission trics
for Jubail
and Yanbu
1. General Information
Dual purpose plant : Power + Water :
Plant capacity power: 80 MW Water 37,850 m3/day (10 MGD)
Number of MSF units in plant: &
Number of modules per unit 5

3.

Number of stages per unit

Tubes arrangement

Antiscaling additive
Performance ratio

Energy sour

ce

Brine Heater

31 (heat recovery)
+3 (heat rejection) = 34
Long tube type

Hy SOy

98% N

0.004 Kg/KJ (9.3 1b/1000 Btu)

Heavy

fuel oil

Brine heater is a cylindrical shell and straight tube type

heat exchan

Water flow

ger

rate

Temperature of water

Steam flow
Tube diamet
Tube length
Number of p

rate
er

asses

Number of tubes per pass
TDS of circulating water
TDS of blow down stream
Concentration ratio

Major Units

3450 m3/hr

Tin =

54 m3/hr

19 mm
6,670
1
2059
45000
67000
1.3

Make up water vacuum deaerator
Make up water decarbonator
Venting equipment

113°% T

out

(0))] Thickne

min

Ppm
ppm

= 117%

ss ¢ 0.9 mm

Two two-stage steam ejector.

Full duty stand-by pumps are provided for the plant.
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TABLE 4.

AT FULL CAPACITY

ESTIMATED PRODUCTION (WATER AND POWER) OF DESALINATION PLANTS

Water Production
Thousand CMD

1980 1981

1982

1983

1984

1985

1986

1987

Existing Plants

Plants Under
Construction

Yanbu
Rabigh I
Jeddah IV
Jubail I
Al-Khobar II
Jubail II

New Plants

Birk I
Mobile Units
Al-Layth
Mastoura
Thool I

Duba III
Hagl T
Al-Khafji II
Umm Lajj II
Al-Qunfudhah
Yanbu IT
Mecca/Taif
Al-Wajh
Asir I
Jeddah V

Total Water
Production

Power Generation

Capacity (MW)

Existing Plants

West Coast

Plants Under
Construction

West Coast
East Coast

179.2 179.2 179.2

181

350

.8 181

350

~ WO
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114.
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Power Generation

Capacity MW 1980 1981 1982 1983 1984 1985 1986 1987
New Plants
West Coast - - - 35 45 645 655 1155

East Coast - - - - - - - -

Total Power
Generation 350 350 1850 1885 3190 3790 3800 4300

Jeddah Reverse Osmosis Plant

This world's largest seawater reverse osmosis plant is under the juris-—
diction of SWCC; and it is located on the same site as Jeddah I, II,
and III, MSF desalination plants. It can be dismantled, however, and
moved to other locations, if needed. The plant capacity is 12,000 m3/
day and was put in operation in January 1979. 1Its process flow dia-
gram is shown in Figure 8. Because it is the first major RO seawater
desalination plant, it will be described here in more details [7].

Seawater of temperature 28-33°C is Bupplied through a pipe type intake.
It is lifted then by means of two low speed vertical pumps (a third one
is on stand by basis) to a splitter box. It is treated with copper
sulfate (1-1.5 ppm) to destroy living microorganisms. It is then
diverted to three 32-foot diameter, gravity flow, dual media sand fil-
ters. Each filter is divided into free compartments to facilitate
backwashing while maintaining full operation of the plant. All sec-
tions are backwashed every 24 hours (eight in operation, one in back-
wash). Backwash is on automatic cycle. Before entering the RO units,
the feedwater is treated further with sulfuric acid and sodium hexa-
metaphosphate, followed by micron cartridge filteration (2.5u). The
addition of the acid brings pH down to 6.4. The sodium hexametaphos-
phate is added in the amount of 2 ppm to inhibit scale formation.

The reverse osmosis plant is made up of first and second stage units
(actually they should be called first and second pass units since it

is the product water that is processed twice). The plant includes nine
first stage units, eight operating and one standby, and three second
stage units. The nine first stage units are fed by individual pipe-
lines from the distribution header. Each stream is treated with acid
and SHMP (as mentioned before) prior to desalting. The pressure of
each of the nine feedstreams is boosted by two multi-stage vertical
turbine pumps, operating in parallel. Each pump is driven directly by
425 HP diesel engine, it has a capacity of 500 gpm at a discharge pres-
sure of 1000 psi.

The first stage units run at 307 recovery. Thus each of the nine first
stage units is producing 1630 m3/day. This results in a combined output
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from the eight operating first stage units of 13,000 m3/day. The
permeate from the first stage units flows to a common collection header.
The permeate can either be routed directly to the post-treatment system
or split for. partial flow to the second stage units. The salinity of
product water from the first stage may exceed the specified limit of
1000 ppm, while the salinity of water from the second stage should be
no more than 100 ppm. In such a case these waters are blended to assure
that the total salinity of the product water does not exceed 1000 ppm.
The second stage units operate at 85% recovery. The concentrate
(brine), from the second stage is recycled through the first stage
units. One feed pump, operating at a pressure of 500 psi, is used for
each of the second stage units. These pumps are identical to the feed
pumps of the first stage units, and are also driven by identical diesel
engines. The nine first stage units consists of 56 (7x8) pressure ves-
sels (fiberglass), 150 mm diameter and 6.5 m long. These pressure
tubes are fed in parallel. Each vessel contains six TFC Model 1501 PA
spiral wound membranes, resulting in a total of 336 membrane elements
for each first stage unit. Each of the three second stage units con-
sists also of 56 pressure vessels but, these units are piped in a con-
figuration such that water flows through a three-pass system composed
of 32 vessels in the first pass, 16 in the second pass, and 8 in the
third pass.

Experience with Seawater Desalination

The Saline Water Conversion Corporation experience with seawater desa-
lination plants will be briefly reviewed here [7].

Multistage Flash Desalination Plants

Wajh I and Duba I Plants. These plants operate at low temperature.
That is, the maximum temperature of the seawater in the brine heater
is below 95°C. The antiscaling additive is a polyphosphate. There
are no major problems with operating these plants., The desalination
units are in good condition after more than 10 years of operation.

Jeddah I and Al-Khobar I Plants. The design and materials specifica-
tions of these plants were not based on accurate analysis of the very
saline waters of the Red Sea and the Arabian Gulf. Therefore corrosion
and scaling have been major problems for these plants; and the experi-
ence gained was of worldwide importance. In Jeddah I plant, the brine
heater tubes were replaced twice in the past ten years. Last year, in
addition to replacing the brine heater tubes, the tubes in the first
and sixth stages were also replaced. In Al-Khobar I plant, which went
on operation at the end of 1973, the brine heater tubes were totally
replaced in 1978. Other material replacement and maintenance work was
done in both plants. The problems with Jeddah I plant can be summarized
as follows:

a. Inadequacy of design. The material of construction was not selected
properly. Carbon steel was used for flashing chambers, water boxes,
acid pipes, and other places when stainless steel should have been
selected. The decarbonator was not adequate. Sampling points locatioms
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were not suitable. Pumps selection was not good. .

b. Acid treatment and related corrosion and scaling problems. Because
the locations of the sampling points or instruments were not suitable,
the pH meters and the flow meters readings were not accurate. Therefore,
the amount of sulfuric acid injected was off, which meant that either
excess amounts were added causing corrosion in brine heater and flash-
ing chambers or little added causing thermal decomposition in flashing
chamber and generation of CO, which attacks metals. The plant suffers
from the high concentration of free CO, (between 12 and 16 ppm) because
the decarbonator's performance is not adequate.

¢. Scaling in brine heater. Calcium sulfate scale formation inside
the brine heater tubes is an extremely difficult problem with Jeddah I
plant. This is due to the inadequacy of the design which includes bad
instrumentation., Occasionally, the temperature of the low pressure
steam in the brine heater goes to 310°F, far above the design value of
250°F which causes CaSO, scale to form inside the tubes. During a six
month period in 1978 the percentage of damaged tubes due to corrosion
and scaling ranged from 10% in the heat recovery section to 18% in the
brine heater. This percentage is very high and it illustrates the mag-
nitude of the problem.

Umm Lejj I Plant. This plant was started in 1975. Its condition has
been generally good. The plant was successfully converted from poly-
phosphate treatment to Belgard EV which caused an increase of 307% in

water production while the maximum temperature in the brine heater was
98°C.

Jeddah II Plant. This plant has been performing according to design
specifications with no major problems. The acid treatment seems to be
adequate. No scale has been formed in the brine heater tubes. This is
probably due to the good control on steam temperature and due to the
use of circulating balls (Taprogge) that prevents the formation of
scale. Other desalination plants in Jeddah and in other cities on the
Red Sea are new and so far no major problems have appeared.

Reverse Osmosis Plants

Jeddah RO Plant. Experience with Jeddah Plant, being the largest RO
seawater desalination plant, is important to the rest of the world. It
can be considered as a big pilot plant. Experience gained from it will
certainly improve future plants. The major problems experienced were
due to the design and not rigid enough specifications. Corrosion
caused the flexible brine hoses which are stainless steel 316 reinforc-
ed neoprene to burst. This resulted in destruction of about 50 mem-
branes. All flexible brine hoses have been replaced by rigid 317
stainless steel pipes. The plant generators were replaced by genera-
tors with proper windings that can resist corrosion in a humid and
tropical environment.

As for membranes, the plant has a total of 4032, 6 in T.F.C. model .
1501 PA membranes. When the plant first went on stream, the operating
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pressure was 58 Kg/cm2 (825 psi) in one year of operation it had been
increased to 70 Kg/cm? (995 psi). This increase was due to membrane
compactness. A major problem that affected the performance of the
plant was the collapse of product water carrying element in the mem-
brane. This was found to be due to improper heat treatment during
membrane manufacturing. Corrective actions were taken and newly manu-
factured membranes seem to perform satisfactorily.

Yanbu RO Plant. The first unit of this plant went on operation April
15, 1980, second on May 15, and third on May 26. The additional two
units will be in operation by February 1, 1981. The total design out-
put of the five-unit plant will be 5000 m3/day, or 1.32 mgd. The feed-
water for the three units is taken from five onshore wells. Three more
wells will be needed for the additional units. The wells are located
about one kilometer from the sea. They are 30 m deep. Drawing water
from wells, instead of taking it directly from the sea, provides good
filteration, but for some reason its salinity (58,000 ppm) is consi-
derably higher than that from the sea (42,000 ppm). It is still too
early to assess the performance of this plant.

ENERGY SOURCES AND OPPORTUNITIES FOR SOLAR SEAWATER DESALINATION

Energy Requirements and Sources

The energy required for the operation of the various seawater desalina-
tion methods described in this paper need to be provided in one or more
of the following three forms: Mechanical, Electrical, or Thermal Energy.
For fair comparison, all of these forms must be related to a common
prime energy source. For example, the energy required by the MSF pro-
cess is comparatively low grade thermal energy and can be obtained as
waste heat from thermal power production at a relatively low cost in
terms of prime energy consumption. But the energy used by the RO pro-
cess is in the form of mechanical work and is thus more expensive in
terms of prime energy consumption. Since these two methods are the
most important seawater desalination methods, we will examine their
energy requirements. The typical current energy requirements for each
process are of the order of 300 KJ/Kg for MSF and 34 KJ/Kg for RO. With
reasonable expectations that with improved technology these might be
improved to 176 KJ/Kg and 25 KJ/Kg respectively. Converting these con-
sumptions to prime thermal energy, taking in consideration that the
energy coming to the MSF process will be in the form of extraction
steam from a turbine and for the RO process the thermal energy conver-
sion efficiency is 387%, we obtain the following:

Typical Current Projected Minimum

MSF 120 KJ/Kg 70 KJ/Kg
RO (conventional 89 KJ/Kg 60 KJ/Kg
no energy recovery)

Many other considerations come into the choice and design of a desali-

nation plant, but simply in terms of energy utilization there is not
much to choose between the prospects of the two processes.
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Desalination plants on the east coast of Saudi Arabia are designed to
use natural gas as an energy source for the intermediate future. While
those on the west coast are designed to use heavy fuel oil. As far as
energy sources and costs are concerned, Saudi Arabia is assured of
ample supply. However, the country is interested in developing alter-
native sources. One of them is solar energy.

Solar Desalination

The simplest form of solar desalination is the solar still. 1Its output
is proportional to the intensity of the solar radiation and the area of
the still. There are, therefore, virtually no economies of scale to be
gained from building large installations, and conversely no particular
penalties in building small ones. A typical figure for solar radiation
in arid regions is 5000 kcal/m? day which is equivalent to 8.9 litres/
m? day. A well designed solar still is usually about 507 efficient

and would produce 4.5 1/m? day or about 1 gal/l0 £2 day. The 50%
figure may seem to be low, but it is about the optimum economically.

The tendency now is not to use solar stills for desalination but rather
to collect solar energy and convert it into a thermal or electrical
form for supplying the normal desalination processes discussed earlier.
An example of this is the Saudi Arabian-U.S. solar energy water desa-
lination project. 1In this project three solar seawater desalination
systems are being studied right now. They are:

1. 1Indirect freezing process with point focus solar collector system.

2. Reverse osmosis and electrodialysis system with line focus solar
collectors plus flat plate photovoltaic collectors.

3. Reverse osmosis and Multiple Effect distillation system with
central solar receivers.

Based on the results of the feasibility studies, one process or more
will be selected for construction of pilot plants. The Saudi Arabian-
U.S. project will certainly have a major impact on the development of
solar desalination.

CONCLUSIONS

Multistage flash (dual purpose) will continue to be the dominant sea-
water desalination method in the intermediate future. Reverse osmosis
will be applied to the desalination of seawater more often, but the
rate will really depend on the performance of existing major plants,
like Jeddah 12000 m3/day plant. Other desalination methods have not
been commercially developed because of technical problems and lack of
funds to solve them and to build major pilot plants. Because of the
escalating costs of hydrocarbon fuels, stronger interest is developing
among many nations to utilize solar energy in desalination. The most
promising approach seems to be in converting solar energy into thermal
or electrical form then using it to run hybrid desalination system.
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The total production capacity of seawater desalination plants in Saudi
Arabia is expected to increase, by more than ten times between now and
1987, to reach 1,900,900 CMD. This dramatic increase represents a
major challenge to the country and to the desalination industry.
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ABSTRACT

The basic principles-of electrodialysis are reviewed with special emph-
asis on the efficiency of energy utilization. Methods suggested in the
literature for minimizing the polarization and its adverse effects are
described. This includes the use- of polarity reversal, ion-conducting
spacers, ion-exchange resins between membranes and heterogeneous memb-
ranes. Effect of raising the  temperature in decreasing power consump-
tion leading to the development of HTED is discussed. Attempts to de-
salinate sea water by ED-are also mentioned. Turning to solar applica-
tion it is found that when DC power is being produced by PV generators
the use of ED is most appropriate while when both DC and AC are availa-
ble from solar sources a combination of RO and ED becomes an obvious
suggestion.

INTRODUCTION

Electrodialysis, solvent  extraction and reverse osmosis are selective
transport methods in whiech salt -or solvent is transferred away from the
feed solution across some physical barrier without change in the state
of the solvent, in contrast-to--distillation or freezing which depend on
a change in the state of the solvent to-bring about the desired separa-
tion. In electrodialysis partial separation of the components of ionic
solution is brought about by placing across the path of an electric cur-
rent sheets of material (membranes) which are permeable to one type of
an ion and not the other. An ED desalination cell contains two diffe-
rent types of ion-selective membranes. One of the membranes is cation-
permeable i.e. allows the passage of positive ions (cations) while the
other anion-permeable membrane allows the passage of negative ions
(anions). If a direct current is established across a stream of saline
water passing between a pair of those membranes, ions acting as carriers
of electricity will migrate across the stream. The cation-permeable
membrane will permit positive ions (e.g. Nat) to pass through while re-
pelling negative ions (e.g. C17), and the other membrane allows nega-
. tive ions to go through but not positive ions.- The membranes act as
one-way check valves thus preventing the reentry of the ions they let

95




through. Hence, the space between the membranes gets desalted while
the streams on the electrode sides become concentrated with the penet-
rating ions. In practical ED desalting devices many pairs of membranes
are used between a single pair of electrodes, forming an ED stack.
Plastic separators are inserted in the solution compartment to keep the
membranes apart and to promote mixing. The cells can be stacked either
horizontally or vertically., The saline water flow is divided into many
small streams in which most of the current-carrying ions are trapped in
half of these streams and desalted water in the other half. The amount
of electric current requirement varies proportionately to the amount of
dissolved salts to be removed. Increasing the number of pairs of mem-
branes between the electrodes increases the efficiency of current uti-
lization. The practical optimum number of pairs for any given design
will depend upon mechanical - assembly problems, sealing against water
leakage, and on insulation and control of large dc electrical voltages.
Most designs vary between 275 and 500 pairs of membranes per pair of
electrodes.

Components of ED Unit

The most common ED scheme was described by Meyer & Strauss (1940) and
its commercial application was pioneered by Tudor et al (1953). This
scheme is illustrated in the simple diagram shown in Figure 1. It com—
prises a series of alternating cation-permeable (C) and anion-permeable
(A) membranes set between two electrodes with saline water being fed in
between the membranes. As the dc current passes through the system the
water streams become alternately diluted and concentrated giving rise
to a product and comcentrate. The combination of membranes, spacers,
gaskets, electrodes, together with necessary devices for dividing,
directing and collecting the-streams of water is called an electrodia-
lysis stack. Each pair of membranes sealed around the edges to prevent
leakage and separated by-spacers to provide for water to flow across
the membrane surface is called a cell.

p
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FIGURE 1 CONVENTIONAL ELECTRODIALYSIS

A, anion-permeable membrane; C, cation-permeable membrane;
f, feed; p, product; c, concentrate
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The thickness of the spacers and gaskets determine the membrane spacing
and hence the width of path for the water stream. Spacer and gasket
design determines the pattern of flow across the surface of the membra-
nes. There are two types of water flow, namely, sheet flow and tortu-
ous path flow. The tortuous path flow arrangement gives rise to a much
longer flow path.

CONCENTRATION POLARIZATION

The movement of ions toward the membrane is governed by a potential
gradient, a concentratien gradient and by the hydrodynamic characteris-
tic of flow. 1In the flow channel between the membranes, there is a
central turbulent core with two- thin viscous boundary layers adjacent
to the membrane surfaces. Whereas ions migrate rapidly in the turbu-
lent core their migration through the boundary layers is very slow and
is governed primarily by diffusion. In addition, the number of iomns at
the surface of the membrane is reduced by the withdrawl of ions requi-
red to act as current carriers through the membranes. This increases
the drop in voltage across the boundary layer to the extent that it
will cause ionization of water. The resulting ions will participste as
current carriers and decrease the need for the transport of solute ions
through the boundary layer. While this is true at all current densi-
ties, it is only at high current density that the voltage drop is high
enough to cause appreciable water splitting. Since the tendency to
polarization increases with current density there are limits to the
current that can be used in an ED system. The limiting or critical
current density beyond which polarization is certain to occur is very
hard to predict due to the cemplicated -nature of the phenomenon. How-
ever, there are some indicators which can be experimentally determined
to suggest approximate limits. Cowan [1] devised one of these methods
in which the ratio of the voltage to current (V/I) is plotted against
I-1l, the resulting curve passes through a minimum. The current which
corresponds to this minimum is taken as the critical value of current.

It is worth mentioning that pelarization in limiting the current densi-
ty to an upper limit, has an adverse-effect on the economy of the pro-
cess. This is because, the lower the current density the larger the
membrane area needed and hence the higher the cost.

Polarization takes place more actively at the anionic membrane with the
result of OH™ ions migrating through the membrane to the concentrate
compartment leaving the H* ions in the product compartment. This of
course will cause the pH on the product side to decrease and on the
concentrate side to increase. The increase in the pH of the concentra-
te stream tends to cause scale deposition due to the combination of the
hydroxide ions with magnesium ions, which are most probably present in
the concentrate stream. The resulting magnesium hydroxide is relative-
ly insoluble and tends to form a scale on the membrane.

Limiting Current Density

There is no method by which polarization can be completely prevented[2]
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In actual practice, polarization is held to reasonable values by cont-
rolling the ratio of the current density to the normality of the
dilute stream i/N and by designing the system to make the boundary
layer thickness 3 as small as possible. There are two ways to reduce

9 namely, high velocities (high flow ratios and/or small channel cross
section) or the use of eddy promoters. Both of these measures need
more pumping power but they reduce the stack power consumption and
shift the polarization point to higher current densities, both of which
mean better economy. In principle, the diffusion layer thickness
depends on the channel geometry, distance from solution inlet, and flow
velocity. 1In practice approximate average values of 3 are used which
are determined from approximate design equations of the type [3] :

ilim F D B
polarization parameter = G =, —_—| =au where,

° a(t_ - t)
iiim limiting current density ;
Co bulk electrolyte concentration in g equivalents/cm
F Farady's constant coulombs/g. equivalent
D the diffusion coefficient of electrolyte in solution cmz/sec.
3 local thickness of diffusion layer, cm
E_,p_ transport number of anions in membrane and solution respectively

c

linear velocity in cm/sec.

a B empirical constants characteristic of each spacer material.
For some spacers B is close to 0.6

Lacey [4] presented data from which boundary layer thickness 3, pres-—
sure drop and pumping power can be obtained as a function of velocity
from figures such as those given in Figure 2
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FIGURE 2 EFFECT OF SOLUTION VELOCITY ON BOUNDARY LAYER
THICKNESS, PRESS DROP AND PUMPING POWER

Probstein et al in 1972 [5] reaffirmed that the most critical parameter

governing the system characteristics is the laminar sublayer diffusion
thickness. In 1974 Isaacson and Sonin [6] developed a general scheme
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for choosing the optimum channel geometry and flow conditions. The best
flow conditions were found to be obtained with channels containing eddy
promoters, either strips or mesh-like obstructions to create eddying
flow. Later on the same authors [7] developed correlations for an em-
pirical Sherwood number and friction factor which showed that eddy pro-
moter spacing of about four channel thicknesses represents the best
spacing from the point of view of process economics. They also conclu-
ded that the strip-type promoters they tested have a performance equi-
valent to or better than the best of other types of eddy promotion sys-
tems which have been tested in the Reynolds number range of interest in
ED systems. They defined a quantity they called Jjim which although does
not represent an absolute physical upper bound to the current density,
yet it represents a practical limit beyond which, not only power inc-
reases but water dissociation, pH changes, precipitation hazards and
other undesirable effects take place.

The operating current density i must be chosen sufficiently below the

limiting current density. That is
L BT

where ¢ is smaller than unity to ensure essentially polarization free

operation. The precise value of o is controlled by the specific harm-

full effects which one is trying to avoid by avoiding polarization.

Values of o as low as 0.7 are used.

EFFICIENCY OF ENERGY UTILIZATION

In practical ED systems, we find- that the amount of current required to
produce a certain amount of desalting exceeds that calculated for flow
through ideal membranes. This is due among other things to:

i) membranes being less than perfectly selective i.e. ions of the
wrong electrical charge sign passing through the membranes
ii) current leakages through stack manifolds
iii) osmotic transfer of water may accompany the flow of current
across the membrane
iv) water splitting at high current densities.

The ratio of the number of chemical equivalents of salt ions removed to
the number of Faradays of electricity used is defined as current,
Faraday or coulomb efficiency N, and can be expressed as follows [81:

] .P(Cl - CZ)F
Ne TN,
where, Ne is the current or coulomb efficiency
P is the rate of product water in Kg/sec.

Cl’CZ concentration of incoming and outgoing product streams
in g. equivalent/Kg.
F Faraday's constant (96000 coulombs/g.equivalent)
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I current in ampere

Np number of membrane pairs.
Current leakage by conduction through the manifold system is a function
of the relative areas of manifold cross section to active membrane area.
Its probable effect is a reduction in efficiency of less than 57.

Water transfer by osmosis is due to the osmotic pressure differences of
the solutions on either sides of the membrane and proportional to the
membrane porosity to water molecules. When water is transferred from
the product stream to the concentrate stream this means:

a) more current has to be used to overcome drop in water quality
due to this transfer in order to meet product quality specifi-
cations

b) reduction in the quantity of product recovered from a certain
amount of feed.

This source of inefficiency is only serious when high salinity feed
and/or high degree of desalination are involved. Also, water splitting
which results from concentration polarization deserves special consi-
deration.

Overall Efficiency

Principal sources of inefficiencies or energy sinks can be summarized
as follows:

Current terms Voltage terms
Permselectivity Electrode reactions
Manifold leakage Stack resistance
Water transport Polarization potential

Hence, the overall efficiency (n) of an electrodialysis stack [2] is
the product of six principal efficiency terms:

nN=Ng Ny Ny N Mg N¢

ng ¥ Ny = ng the Faraday or coulombs efficiency

Ng X Np X N, = Ny the overall current efficiency

When water transport is small Ng = Np
While (ns X nw) is a function of membrane selected, n, is a function
of manifold configuration. The efficiency term n, dealing with water
transport is given by:

N n T, (0.018 m;)

w T]s

where Ty = transference number of water in the membrane
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m, = molality of feed water, while the term N. is given by:

where E, electrode potential (2.5-3.5V) and Et total stack potential.

As the number of cell pairs increase 0, approaches unity. The term My
depends on the resistance of the individual components of the stack
(bulk solutions resistances, boundary-layer resistances, membrane resis-
tance). It will also depend on the particular configuration and flow
patterns selected, the type of turbulence promoters placed in the com-
partments and the temperature. The last term M. depends on the bounda-
ry layer concentration profiles and the extent to which they give rise
to polarization which results in increase of energy consumption.

The major inefficiency in stack operation is associated with ng T¢
which explains why most of the progress in electrodialysis technology
is a result of attempts to decrease total resistance and minimize pola-
rization and its adverse effects.

ENERGY REQUIREMENTS

Processes that relay on a change in phase, such as distillation involve
a high rate of energy circulation. The energy needed to operate the
system will only be a fraction of the latent heat of the solvent and
independent of the amount of solute present. Losses and inefficiencies
tend to be proportional to the energy circulation. On the other hand,
energy required for desalting processes depending upon selective trans-
port as ED will depend on the salinity of the feed used and product ob-
tained. The theoretical energy required U at various salinities of
feed, product and blowdown has been derived by Spiegler in 1956 [ 21
based on general thermodynamic arguments and independent of the details
of the actual separation process.

InB _ Ina
=) 1 ) KWh/Kgal

U=5.21 (Ng - N,)(

Ng, N

s Np concentration in equivalent/{ of feed, concentrate and pro-

duct respectively.

This theoretical energy corresponds to a case where the driving force
is infinitesimal and hence the process takes place slowly and reversi-
bly. In actual systems more energy is required in order to maintain
large driving forces necessary to obtain practical production rates.

In most ED systems energy required for practical production rates may be
10-20 times higher Shaffer and Mintz [2] gave theoretical and actual
energy requirements as a function of the salinity of the feed for ED in
comparison to distillation as shown in Figure 4. It is clear from the
figure that ED requires less energy than distillation for salinities up
to 11,000 ppm. The same authors derived an equation for the calculat-
ion of the energy actually required for desalination of F' gallons per
hour of feed water having a concentration Nf equivalents/% to a product
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of N, equivalentf with an average diluate concentration Ny equivalent/%
in a cell with membrane area A square feet and resistance R ohm and cur-
rent efficiency Ng

- R Ny Ng
KWh/Kgal = 25.4 —Zr{Nf—Np)(——ﬁZ—-Q log <—ﬁ;—o

For continuous operation of multistack plants where stacks are connec-
ted in series and the product of one is the feed for the next stack,
when same voltage is applied to each stack, Mintz [ 9] in 1963 showed
that the total d.c. power required Q' is given by

2 RN
d -
Q'=[§1n g( 5 )] (F')ZN(<1-1)(1+q+<12+---qn 1y
P n P
Nf .
where q = T and n is the stacks in series, the rest of notations have
P

the same significance as in the previous equation.

Data on power consumption for some existing ED plants are given in
Table 1 which show the effect of some of the parameters such as feed
concentration, concentration ratio, plant capacity on power consumption.
When plotted in Figure 3 these data fall in expected regions and fol-
low more or less within the expected pattern of variation.

TABLE 1

REPORTED POWER CONSUMPTION OF SOME ED PLANTS

Concentration Concentration Capacity Power Type Ref.
(ppm) ratio Consumption of

feed product feed/product Kgal/day KWh/Kgal process
845 190 4,45 500 6.9 -— 10
1400 500 2.8 4000 5.1 EDR 11
2358 573 4.1 2100 7.5 -— 12
2400 500 4.8 500 13.6 —_— 13
3000 550 4,45 170 5.0 EDR 14
3000 500 6.0 516 2.7 - 15

35000 500 70.0 98 32.9 HTED 16

35000 500 70.0 38.7 61.3 - 17
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FIGURE 3 ENERGY REQUIREMENTS FOR DISTILLIATION AND
ELECTRODTIALYSIS OF SALT WATER.

Basis: Average equivalent weight of salt = 60; blowdown con-
centration twice feed concentration; distillation to produce
pure water; and electrodialysis to produce 0.005-N (300 ppm)
product. (A) Theoretical energy for electrodialysis; (B) theo-
retical energy for distillation; (C) estimated actual energy
for electrodialysis; and (D) estimated actual energy for dis-
tillation. Plotted points show actual energy consumption for
some ED plants, numbers refer to order in which data are
given in Table 1.

DEVELOPMENTS AND PROCESS VARTATIONS
The Electrodialysis Reversal "EDR" Process

Although referred to in OWRT reports in 1975 and 1977 the first publi-
shed information about this process appeared in 1979 "Desalination" by
Katz [18]. The EDR process is an improved electrodialysis process in
which the surfaces of the membranes are cleaned periodically several
times/hr by the reversal of the DC flow through the membrane array. It
. is the only desalination process having this self-cleaning feature
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which prevents the scale formation without the use of chemicals. Prior
to 1970 acids, polyphosphates or similar agents were the only means
with which insoluble salt precipitation could be controlled. However,
while effectively controlling calcium carbonate scale, these chemicals
have less control over calcium sulfate scale. Although experimentation
started in the 50's and small commercial units (500 to 3000 gpd) were
tried and proven in the 60's, it was only in 1970 that the polarity re-
versal principle was applied on larger commercial units. By 1974 all
Ionics ED units were being designed using the EDR principle. The lar-
gest of these units is a 15000 m3/day (4 mgpd) plant at Corfu in Greece.

Description of the EDR Process: The EDR process uses a standard ED array
of alternating cation and anion membranes, separated by alternating
product and brine compartments. The array is operated in the standard
ED manner for a fixed period of time around 20 minutes and then the
process is reversed by an automatic timing circuit in the following
sequence: -

1. The direction of the DC field is reversed by reversing the po-
larity of the electrodes. This polarity reversal immediately begins
converting the product compartments into brine compartments and vice
versa, by reversing the direction of flow of the ioms.

2. Automatic valves interchange the feed to and discharge from the
product and brine compartments.

3. There is a 1-2 minute period immediately following the polari-
ty reversal when water from both sets of compartments is "off-specifi-
cation'" and both streams are automatically diverted to waste. This
"purge'" of the brine and product compartments every 20 minutes breaks
up polarization films, carries off loose scale and seeds of scale.

The Corfu EDR Plant: The membrane stacks of the Corfu EDR plant are
arranged in six parallel modules [11]. There are ten stacks in each
module, and each stack contains 380 cell pairs. The total membrane
area in the six modules is approx. 21,000 m2. Each individual module
is further divided into four parallel desalting lines. Two of these
lines have two stages and the other two have three stages. Approx. 457
of the feed flow passes through the 3-stage line and is desalted from
1400 to 462 ppm TDS. The other 557 passes through the 2-stage line and
is desalted from 1400 to 532 ppm TDS. The two product water are blen-
ded to give a 500 ppm final product. Power consumption was reported to
have been 1.36 KWh/m3 (some 207 lower than contractual value).

High Capacity Unconventional Electrodialyzer

Electrodialyzers can be classified as sheet flow type or tortuous path
type. Sheet flow uses relatively low linear velocity resulting in low
press.drop. However due to limitations of path length, it is not pos-
sible to attain the necessary concentration ratio normally higher than
3 except by batch operation or by using multistage systems. Tortuous
path type electrodialyzers are meant to compensate for the disadvan-
tages of the sheet flow type. Even with this type it is not always
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possible to attain a satisfactory desalination ratio using a single
stage. Consequently, it is usual to employ two or three electrodialy-
zers in multi-stages. In addition, due to the use of high linear velo-
cities pressure losses are large.

Experience in sea water concentration using large electrodialyzers led
to the use of membranes having large unit area and effectively utiliz-
ing the advantages of both sheet flow and tortuous path types to design
an electrodialyzer having the following features [19]:

- High concentration ratio (13.3), i.e. 92.57 demineralization.

- Large production capacity (product approximately 5000 m3/day
per unit.)

- High water recovery (up to 857 with scale-free operation).

- Low electric power consumption (1.1 KWh/m3 to desalinate water
from 3000 ppm to 500 ppm). Low power consumption results from
reduction of current leakage since the same water is fed as di-
lute and concentrate. In addition the flow rate of the concent-
rate is considerably lower than that used in the circulation
method leading to lower pumping energy.

Results of measurements of operating performance and continuous opera-
tion are given in Figure 4 as reported by Kawahara et al [19].

Polarization Reduction Using Ion-Conducting Spacers

Preliminary investigation for the possibility of using ion-conducting
spacers in an attempt to reduce polarization was conducted by Kedem [20]..
This work is based on the idea of polarization reduction being achieved
by increasing the surface of contact between solution and resin phases.
Kedem suggested different configurations for the ion-conducting spacers.
He considered his results only preliminary but demonstrating that ion-
conducting spacers reduce resistance and increase current density with-
out sacrificing current efficiency with polarization being reduced in
the usual working range.

Use of Ion-Exchange Resins Between Membranes

The effect of introducing ion-exchange resins between permeselective
membranes was tested by Korngold [21] in a laboratory scale electrodia-
lysis unit. His results indicated that polarization is substantially
decreased, and high electrical efficiency can be obtained even at high
i/C values of 1000-5000 mA cm~2/g.eq.lit~l and at low linear velocity
of solution (1.2 cm/sec) in the cell. Different ion exchange resins
were tested. Among the features he quotes for the system he proposes,
are:

1. It can operate with thick cells of up to about 10 mm. Opera-
tion is simpler in these cells and leakage between diluate and brine
cells can easily be eliminated. Flow distribution between the cells
can be maintained evenly so that the danger of salt precipitation in
the cells is substantially decreased.
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FIGURE 4 PERFORMANCE CHARACTERISTICS OF HIGH CAPACITY
ELECTRODIALYZER AS REPORTED BY KAWAHARA ET AL.

2. Ion exchange resin placed between the membranes reduces the
electrical resistance of the stack. For brackish water desalination,
10 mm cells normally require 6-7 times more energy than 1.3 mm cells.
However a resin-filled 10 mm cell requires only about twice the energy
of an unfilled 1.3 mm cell.

3. The limiting current density can be increased 3-4 times when
ion exchange resin is introduced between the membrane.

4. In choosing the type of resin, interaction between bivalent
and trivalent ioms and the resin must be taken into account. Such in-
teraction can dramatically increase the electrical resistance of the
stack.

Heterogeneous Membranes

Kishi et al reported in 1977 [15] that they have developed heteroge-
neous membranes which consist of ion exchange resin particles (diameter
less than 20) dispersed in polypropylene matrix. After dispersion of
the resin particle, micro cracks in the propylene matrix and cavities
between resin and the matrix are formed. Table 2 gives properties of
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their membranes.

TABLE 2
PROPERTIES OF HETEROGENEOUS MEMBRANES

Property Cation Anion
Thickness mm 0.36 0.38
Bursting Strength Kg/cm2G 3.1 2.3
Specific Resistance Q cm 360.0 170.0
Ion Transport Number - 0.93 0.92
Ion exchange Capacity meq/g.dry resin 2.5 1.0

Exposure to temperature up to 50°C has no effect on Ion Transport Num-
bers. The membranes show high durability and stability of properties in
strong alkalis, acids and oxidizers. These make it possible to employ
effective hard chemical cleaning for fouling. A test plant using such
membranes was run to determine the degree of fouling and find the most
adequate method of cleaning. From the results of the cleaning tests

3% caustic soda cleaning was selected and 10,000 hr operation without
disassembling has been carried out successfully. Based on the results
of this test plant a large scale desalination plant was contructed in
Kohl Al Zubair for the Government of Iraq having a capacity of

208 m3/hr x 2 (1.32 x 106 GPD x 2). A fully automatic chemical clean-
ing system has been designed to be used in the Kohl Al Zubair plant.
The chemical cleaning method is fundamentally the same as the regene-
ration procedure of ion exchanger bed. Electrodialyzer section has two
trains; each train has 10 (1 is stand-by) stacks.

Bubble-Cleaning Type Electrodialyzer

As reported in 1977 by Kuroda et al [22] a new type of electrodialyzer
has been developed in which air bubbles mixed with water are introduced
continuously between the membranes. This gives rise to the following
features: (a) the agitation of the solution in the dialyzer by the air
bubbles prevents suspended solids from fouling the membrane i.e. pre-
vents soft scale, (b) the turbulence produced by the air bubbles dimi-
nishes concentration polarization, (c¢) flow takes place by an air lift.
Kuroda et al report that turbulence promotion caused by air bubbles
make it unnecessary to use spacers which act as turbulent promoters.
Instead they used gaskets provided with several rectangular compart-
ments. Results obtained from a 10 m3/d test unit indicate that air
bubbling is quite effective in turbulence promotion and hence the use
of current densities twice that of conventional dialyzers are suggested.
Pressure drop is reported to be slight when compared to that encoun-—
tered with other types of electrodialyzers. In addition, since solu-
tions are air-lifted, power consumption is expected to be lower.
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HIGH TEMPERATURE ELECTRODIALYSIS

The fact that conductance of salt solutions increases rapidly with tem-
perature indicates that the use of elevated temperatures in ED will
result in lowering ohmic power losses and hence higher efficiencies.
Investigations on HTED were first reported in 1965 by Forgacs during
The First International Symposium on Water Desalination and again at
The Second International Symposium Held in Athens, Greece in 1967 .
Their initial calculations indicated that by increasing the temperature
of operation from ambient to 90°C the energy consumption is expected to
be reduced as much as 60-707. The variation of energy consumed with
temperature as published by Bejerano et al [23] show that decrease in
power consumption is much more pronounced below 70°C than above it .
This results from two factors: (a) that membrane resistance decreases
much more rapidly below the range 70-80°C than above it, (b) that elec-
tro-osmotic water transfer through membranes increases, especially in
the higher temperature region (70-100°C). Hence, Forgas et al conclu-
ded from their work that most of the advantages of HTED will be reali-
zed when working in the range of 70°C. At this temperature range ED
equipment can be constructed and operated utilizing commercially avai-
lable materials used for conventional ED. In the same Smposium in 1967,
McRae et al reported the results of their bench scale studies of HTED
which was later. published in "Desalination" [24]. They measured res-—
ponse of membrane properties such as permeselectivity, stability, re-
sistance and water transfer, to high temperatures. Their results indi-
cate that potentials at least as high as 3 volts per cell can be
applied at 82°C (180°F) without polarization. Since at 80°C it will be
possible to accomplish a degree of mineralization in one stage which
would take more than two stages at 25°C using the same potential and
superficial velocity, a considerable reduction in pumping energy requi-
red for a given demineralization duty should be expected. They con-
cluded from their economic studies that if an ED plant of a capacity of
one mgpd or more built in connection with a steam turbine electric gene-
rating station, sea water demineralization at 82°C (180°F) is expected
to have a cost in the same range as that of dual purpose MSF plants of
100 mgpd capacities.

Experimental bench scale study of sea water desalination using HTED was
reported in 1968 by Forgacs et al [24] which show that power consumpt-—
ion decreased by about 637 when operating temperature was increased
from 30°C to 70°C. Factors governing scale formation were investigated
and measures to eliminate scale formation were suggested. HTED pilot
plant tests were conducted [16] at temperatures up to 80°C on sea water
and diluted sea water. These tests furnished data required for the
design of a 380 m3/day plant for the desalination of sea water at 65°C.
Stack design centered [25] on a large spacer with an effective area of
approximately 1.2 sq. meters. A process flowsheet for a continuous
flow plant with two concentrating stream recirculation loops has been
selected as the most reliable system to achieve the goals of 0.16m”/day
per m2 effective cell pair area and 8 KWh/m3 D.C. energy consumption.
The flowsheet has been designed to give a maximum concentration ratio
of brine to product of 20, with 507 water recovery.
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Another HTED sea water desalination plant (50,000 gpd) has been con-
tructed. Its design features and projected performance characteristics

as reported by Mattson in 1979 [26] are as follows:

Single membrane stack expandable to 1600 cell pairs (100,000 gpd)
Thin (14 mil) cation and anion membranes
Large (54 x 40 in) membranes with over 80% area utilization
Design operating temperature
140°F normal
180°F maximum
Large (65 x 42 in) and thin (23 mil) gasket separators
30 KWh/1000 gals projected power consumption
5 gpd/ft2 cell pair at 50 percent recovery

SEA WATER DESALINATION BY ED

The first sea water desalination plant by ED in the world started its
operation in September 1974 at Noshima island of Hofu city, Yamaguchi
Prefecture, Japan [17] . The capacity of the plant is 120 m3/day and
the plant has been supplying fresh water (TDS 500 ppm) from sea water
(TDS 35,000 ppm) to the 800 inhabitants of the island. Although the
operation is batchwise, it is fully automatic to supply fresh water
continuously using a storage of proper capacity. The stack is a filter
press (sheet flow) type containing 400 membrane pairs (Aciplex K-101
and A-101), size 1.3 m x 1.3 m with an active area of 1.4 m? per sheet.
Average current efficiency is between 80 and 857 while the electric
consumption 1is approximately 16 KWh/m3 of which 12 KWh for DC power and
4 KWh for AC power. The water cost is relatively high but still lower
than that of conventional distillation processes of the same capacity.

Based upon a finding that the capital cost of distillation equipment
per gallon per day (GPD) of installed capacity rises rapidly for plants
smaller than a few million gallons per day (MGD) while that for ED
equipment desalting sea water to drinking water quality remain essen-—
tially unchanged for capacities less than 1 MGD. Lunstrom in 1980 [27]
projected that for plant capacities of 100,000 GPD the costs of both
plants approach $ 7 per GPD installed. For smaller capacities ED plants
will have a lower capital when the product is of drinking water quality.
Lundstrom developed a method for the rapid assessment of design feat-
ures and capital cost requirements for ED plants desalting sea water
from salinity 35,000 ppm to 4 ppm. The result of his analysis indicate
that in the range of 50,000 to 100,000 GPD capacity the preferred plant
configuration is that consisting of two major stages (with interstage
pumps) and each major stage containing eight electrical stages with
only one hydraulic stage per electrical stage. Operating with a water
recovery of 33 7 a specific production in excess of 3.7 gallons per
square foot of effective cell area per day is expected. Pressure drop
per major stage within the membrane stacks of 40 psi is reported.

SOLAR POWERED ELECTRODIALYSIS

Many regions which lack fresh water sources have abundance of sunshine,
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which shows that there is a strong correlation between scarcity of
water and availability of solar insolation. The fact that ED uses DC
which can be obtained directly from solar insolation by photovoltaic
generators suggests the inclusion of the ED stack as an active part of
the electrical generation circuit. This unique property of ED as com—
pared to other desalting processes can be used to minimze battery sto-
rage and reduce daily losses which are in the order of 15 to 25% of the
collected energy. In addition, because the output rate of the system
can be adjusted to respond to varying available power levels, the ED
system can be run at partial output when this is deemed necessary while
keeping the product water quality constant. Since energy efficiency of
the ED system increases 1% per °F rise in inlet feed water, this indi-
cates that reduction in the ED plant power demand is expected by cool-
ing photovoltaic concentrating type collectors with the feed water.
Lundstorm [ 28] indicates moreover that although a combination of a PV
generator with an ED desalting plant is marginally cost-effective with
PV generators cost running $ 10 per watt. Continued increase in cost
of fossil fuels and anticipated drop in PV generators cost makes solar
powered electrodialysis SPED more promising. A process flowsheet is
suggested by Lundstorm as seen in Figure 5 in which ED stacks are in-
corporated as an active part of the electrical circuit.
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FIGURE 5 SOLAR POWERED ED FLOWSHEET AND POWER REQUIREMENT
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By varying the flow rate through the stack and the amount of recircula-
tion, the resistance of the stack can be varied. Similarly, adjusting
the flow from the feed pump, the voltage at which the plant operates
for a given product salinity can be matched to the voltage of the PV
generator and the current adjusts accordingly. At full flow, the spe-
cific production (GFD) is selected in such a way that the capital equi-
pment costs of the ED plant and PV generator are balanced.

Whenever AC power is generated through the use of line focussing ther-
mal collectors and DC power produced directly using solar photovoltaic
cells, this suggests the use of a combination of RO which is run by AC
and ED which is run by DC. The obvious arrangement in a case where sea
water desalination is considered would be the use of RO for the primary
reduction of the salinity of sea water followed by final desalination
using ED. In addition, using the feed water to the ED stacks as a
coolant increases its temperature with the added advantages of higher
efficiency of energy utilization.
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CURRENT DEVELOPMENTS IN FREEZING PROCESSES

Wallace E. Johnson
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ABSTRACT

The vacuum freezing process is presently being developed in two forms,
both of which are designed to eliminate the large water vapor com-
pressor which has 1Timited module size and perhaps acceptance of the
process in the past. A 95M3/day (25,000 gpd) AFVC process pilot

plant is under test which uses a low temperature sodium chloride
absorber loop in conjunction with a closed cycle mechanical refrigera-
tion system in place of a vapor compressor. A 225M3/day (60,000 gpd)
VFEA process pilot plant design has been completed that uses a sodium
hydroxide absorbent cycle driving a low pressure steam ejector to
eliminate the vapor compressor in a thermally driven vacuum process.
New thrusts have begun for development of Indirect Freezing Processes
using controlled conditions to prevent ice formation on heat transfer
surfaces. An Eutectic freezing pilot plant is being constructed whose
effluent is to be only salts and potable water. Freezing processes
offer many possibilities for combinations of Rankine or Photovoltaic
solar cycles using the reject heat for low temperature absorption
refrigeration.

INTRODUCT ION

Interest in freezing is accelerating because of its modest energy re-
quirement and universality of application and in the present context
because of its versatility for accepting solar energy in many forms.

In addition to desalting process development efforts, increasing inter-
est is emerging for a wide range of commercial applications in the food
processing and chemical industries as well as water reuse applications.

ADVANTAGES OF FREEZING

High resistance to corrosion and fouling may, in the final analysis,
be the principal advantages of freezing.

Corrosion is exponentially reduced with decreasing temperature. Sever-
al years of pilot plant operation [1,2] has shown that corrosion is
negligible. In this respect, ironically, corrosion is more severe on
the external surfaces of the process equipment due to ambient atmos-
pheric conditions than it is to the internal surfaces.

Fouling of surfaces is not a significant factor in freezing, thus pre-
treatment is not a prerequisite of the direct contact processes. The
actual concentration takes place in the bulk, i.e., existing ice crys-
tals grow while in direct contact with subcooled brine. Sufficient
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work has not been done on Indirect freezing to indicate whether this is .
also true; however, the temperature, concentration change and salt
solubilities at the process conditions tend to preclude fouling.

Freezing is relatively insensitive to the nature of the feed solution
in that the separation (crystallization) step occurs within the solu-
tion itself. Thus, the nature of the solution, i.e., salinity, or-
ganic, inorganic, affects only the energy requirements because of
freezing point depression, or the crystal size obtained. It does not
~affect the purity of the ice that is formed. The principal limitation
as to the universality of freezing is perhaps in terms of viscosity.
As solutions tend to become more viscous with concentration, such as
with sugar solutions, it becomes increasingly difficult to separate the
pure ice from the viscous concentrate, thus a limit is reached.

Energy requirements for freezing are demonstrably lower than in dis-
tillation processes. Mature freezing processes can confidently pro-
ject energy consumptions in seawater desalting between 6 and 9 KW-Hr/
M3 (25 - 35 KW-HR/1000 gal.) The principal reason that freezing can
project such low energy requirements vis-a-vis distillation is that
the driving forces to effect crystallization and melting are a much
smaller fraction of the intrinsic freezing point depression tempera-
ture difference than are the driving forces for evaporation and con-
densation in relationship to boiling point elevation. In addition,
the heat to be transferred in freezing is approximately one-seventh
(1/7) of that involved in distillation, thus any driving force penal-
ties are partitioned over a smaller absolute energy transfer.

The comparison with membrane processes is not quite so advantageous.
Here the practical energy requirements can be quite comparable.

Even though the driving forces for reasonable fluxes in membrane pro-
cesses are quite large on a percentage basis as compared to freezing,
because of the absence of a phase change, the absolute energy require-
ments converge.

In this latter respect freezing in comparison to membrane processes
relies principally on its insensitivity to fouling, minimal corrosion,
absence of pretreatment, and longer equipment life.

CURRENT DEVELOPMENT

Vacuum Freezing and Indirect Freezing are the focus of attention in
freezing process development at the present time. Both processes were
the recipients of the earliest efforts in freezing in the 1950's.
Vacuum freezing advanced with steady development until the late 1960's
when attention was diverted to secondary freezing development. Work
on Indirect processes was abandoned very early.

Carrier Corporation [1] and Colt Industries [2] built promising vacuum
freezing pilot plants though neither effort saw successful commercial
adoption. Colt's process employed a large vapor compressor which ‘
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restricted the process to small modules [400M3/day1100,000 gpd]. Car-
rier substituted an absorber for the compressor. This eliminated the
“intrinsic module size limitation; however, the advantages of this ap-
proach were never fully exploited.

Early investigations into Indirect Freezing by the University of Wash-
ington [3], Carrier Corporation [4], Applied Science Lab.[5], and Cur-
ran [6], among others, explored the possibilities of sheet and block
freezing. Although it was established that these techniques could
produce salt free ice, the projected economies,based on the high heat
transfer resistance of sheets and blocks, as well as projected equip-
ment costs, extrapolated from commercial ice producing machines were
prohibitive.

The vacuum process has always held a certain fascination because of
the direct contact heat transfer and the use of water itself as a re-
frigerant. Two evolutions of the vacuum process are currently being
developed, the Absorption Freezing Vapor Compressor Process (AFVC)
and the Vacuum Freezing Ejector Absorption Process (VFEA). Neither
process requires a mechanical water vapor <compressor. Work on Indi-
rect Freezing resumed in recent years with emphasis on bulk as op-
posed to film freezing.

AFVC Process [7]

This variation of vacuum freezing has been pilot planted at the OWRT
test facility in Wrightsville Beach, North Carolina at a nominal
capacity of 95M3/day (25,000 gpd.). This process substitutes a novel
absorption system for the compressor whereby heat is transferred
from the absorber to the generator by a closed cycle refrigeration
system. The absorbent used is sodium chloride which has the advant-
age that any entrainment of brine from the crystallizer has only a
negligible effect on absorbent contamination. Since the refrigera-
tion systen can be optimized independently of all considerations
other than temperature span, compressor size limitations do not in-
hibit module.size as in the early vacuum (Colt) system.

Figure (1) is a schematic of the AFVC process which details the prin-
cipal functions. The saline feed is first passed through a deaerator
to strip out most of the dissolved air. After being chilled by

the outgoing product and brine streams, it is introduced to the vacuum
crystallizer. |In the crystallizer a portion of the water is evapora-
ted. This refrigeration effect freezes a portion of the feed in the
ratio of the latent heats of vapor and ice, less a certain amount of
evaporative cooling required to remove thermal intrusions. These re-
sult from the difference in temperature between the chilled feed and
the concentrated brine and ice in the crystallizer, and sensible heat

input from internal pump work. In the nominal case the feed is at
-0.5°C (31°F) and in the case of a 2 to 1 concentration or normal sea-
water, the brine and ice are at -4°C (25°F). This results in a

nominal ratio of ice to vapor evaporated of 6.7 to 1. The process

115



911

J1LYWIHIS INIZ3ITFdd ALY

S 3¥n9i4

Feed

Brine

Compressor

Compressor

/L__

Generat

-
Absorber

]
—

Heat
Exchanger

Crystalliler

Melter

Wash
Column

—

—
Product Water

Heat
Exchanger

Cooling
Water



continues at a rate determined by the pressure difference between the
vapor and the water phase in the absence of air. Evaporation rates
range from 2300 to 4500 CAL/HR-CM2-°C (5000 to 10,000 B/HR-FT2-°F).

The slurry of small ice crystals, a typical major dimension is 250
microns, and brine is directed to the bottom of a countercurrent wash
column. The ice and brine flow to drains located midway up the column
which allow the brine to pass but retain the ice. The ice compacts
into a permeable bed on which additional ice is continually deposited
at the bottom as the brine flows through the bed towards the drainage
screens. The flow through the porous bed produces an hydraulic force
that propels the bed upward at the rate that ice is added at the bot-
tom; this piston-like action forces the ice above the screens and
through the brine level maintained by the screens, resulting in drain-
age of a portion of the brine entrained in the interstices of the ice
bed. Potable water in a net quantity of approximately 5% of the re-
sulting product is distributed over the top of the ice plug and perco-
lates through the bed to the drainage screens. This action results

in displacement of the residual brine leaving abed of emerging ice
crystals and adhereing potable water.

Following washing, the ice is melted by direct contact (in the absence
of air) with vapor extracted for the crystallizer. The resulting melt,
potable water, is extracted from the system,along with the brine from
the wash column screens, through the feed heat exchangers.

Water vapor from the crystallizer is absorbed on a solution of sodium
chloride at a nominal concentration of 15% and maintained at a temp-
erature slightly above that of the brine in the crystallizer. This
establishes a vapor pressure of the absorbent several tenths of a
millimeter of mercury below that of the crystallizer brine, ensuring
an adequate driving force for evaporation. The absorbent is main-
tained at this temperature through a refrigerated heat transfer sur-
face; actually a tube bundle over which all the absorbent is perco-
lated.

The diluted absorbent is continuously removed to a generator/concen-
trator and replaced by enriched absorbent to maintain the required
average concentration. The dilute absorbent is concentrated (en-
riched) by transferring the heat, extracted by the refrigeration sys-
tem,in the absorber at a higher temperature in heat pump fashion to
the generator, again through a heat transfer tube bundle over which
the dilute absorbent is percolated. The temperature of the generator
is maintained by the refrigeration system at a nominal temperature of
3.3°C (38°F) which establishes a vapor pressure for the concentrated
absorbent of 5 mm Hg. Under these conditions the water of absorption
is evaporated from the dilute absorbent and condensed on the melted
ice which has a vapor pressure of 4.6 mm Hg.

The concentrate is returned to the absorber after heat exchange with
the incoming dilute stream.

The refrigeration system is a closed cycle mechanical compressor
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system, and is the primary work function in the process.

The water vapor evolved in the generator/concentrator has a larger
thermal content than the ice can absorb,because of sensible heat ex-
tracted in the crystallizer due to the feed/concentrate temperature
difference, internal pump work, and the work of the refrigerant heat
pump. Consequently, a portion of the generator vapor is condensed
on a separate heat transfer surface,chilled by a separate closed cy-
cle refrigeration system,which rejects the heat of condensation to
an ambient cooling stream.

The crystallizer, absorber, generator, wash column and melter are con-
tinuously purged to extract air from leakage and residual air from
the feed stream.

The AFVC process has been conceived as a toté]]y mechanical system;

however, a combination mechanical/thermal variation will be discussed
later.

VFEA Process [8]

Figure (2) defines a vacuum freezing system that utilizes thermal
energy to completely eliminate the need for any type of mechanical
vapor compressor.

The salient feature of this process is a combination absorption vapdr
ejector system which pumps the vapor from the crystallizer to the
melter.

The process can operate efficiently with a temperature difference of
30°C (55°F) but as with distillation and other thermal cycles, the
yield increases with increasing temperature differences up to a prac-
tical limit of a generator temperature of 175°C (350°F).

The absorber-ejector system has been studied on a laboratory pilot
scale. The rest of the system, feed heat exchanger, crystallizer,
wash column and melter, is identical to that described for the AFVC
process and piloted by Colt and Carrier. A 225M3/day (60,000 gpd)
pilot plant design was commissioned by the Office of Water Research &
Technology and completed in 1980.

As indicated in Figure (2), a portion of the vapor from the crystalli-
zer is absorbed in a solution of sodium hydroxide (NAOH), at a nominal
concentration of 50%, percolated over a tube bundle similar to that
employed in the AFVC process. The heat of absorption is removed
through the heat transfer surface by ambient cooling water. The con-
centration of the absorbent is selected to maintain the vapor pressure
of the absorbent a few tenths of a millimeter of mercury below the
vapor pressure of the crystallizer brine,while still maintaining the
absorbent at a temperature above ambient, typically 32°C (90°F), Thus
only pump work is expended in cooling the absorber.
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Dilute absorbent is enriched in a generator/concentrator by external
heat. The generator temperature can be varied as shown in Figure (3)
with varying effect on process yield. The temperature in the genera-
tor is selected such that the concentrate will have a vapor pressure
sufficient to allow the evaporated water to condense in the condenser
at ambient cooling water temperature. This is the minimum generator
temperature; however, any further increase in generator temperature
will increase the enthalpy of the evolved water vapor which in turn
results in improved ejector efficiency.

The concentrated absorbent is returned to the generator after heat ex-

change with the incoming dilute stream as in the case of the AFVC pDro-
cess.

The major portion of steam from the generator is used as the motive
steam for an ejector, It compresses the greater portion of the
vapor from the crystallizer to the required melter pressure. Typi-
caltyfrom3.2 to 5 mm Hg.

The efficiency of the ejector increases with intreasing steam tempera-
ture as expressed by mass.ratio and shown in Figure (4). Mass ratio
is the ratio of motive steam to driven vapor, thus the smaller this
ratio the less driving steam required and consequently the smaller

the absorber and generator.

That portion of the vapor, evolved in: the generator,which is condensed
by ambient cooling water represents the excess thermal content or
heat reject load, as defined in the description of the AFVC process.

Indirect Freezing

Research during the past two years, has shown the feasibility of
freezing ice in the bulk of a saline solution on a continuous basis
without adherence of ice on the heat transfer surface.

These efforts are leading to the construction of a 23M3/day (6000 gpd)
pilot plant for extended evaluation of this method of freeze desalina-
tion on seawater at the government test facility at Wrightsville
Beach, North Carolina.

The motivation behind this work is a simplification of the freezing
process and an enhancement in the scaling of desalting plants to
larger sizes. The total separation of the crystallization of ice from
the refrigeration system eliminates air, refrigerant removal comp-
lications and entrainment problems associated with direct contact
processes. It is also simpler to scale metallic heat transfer sur-
faces to large sizes in the manner of shell and tube heat exchangers,
than it is to scale direct contact crystallizers. |In addition, they
are considerably more compact. :

Though Indirect freezing introduces heat transfer surfaces that were
not required in direct contact vacuum process as originally conceived,
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current utilization of absorption systems in place of vapor compres-
sors in vacuum processes require these surfaces also.

Laboratory Studies

Research efforts on bulk freezing [9] were initially predicated on the
analogy to controlled seeding in distillation plants to prevent scal-
ing of the heat transfer surfaces. Early efforts to prevent ice
growth on refrigerated surfaces by varying the quantity of ice in the
feed stream, the flow velocity of the stream over the surface The
salinity of the solution and the refrigerant to brine temperature dif-
ference were singularly unrewarding.

The character of the heat transfer surface itself, it was learned, is
the dominant factor in preventing ice adherence. In this respect it
was also surprising to learn that the material of the surface was
also a negligible factor, i.e., plastic as well as metal surfaces
were equally susceptible to icing.

Icing of that surface does not occur if the surface is smooth and free
of sharp discontinuities. The surface does not have to be free of
undulations, however, very small surface scratches served as nuclea-
tion sites.

Electropolished metal, deposited coating such as paints, or bonded
plastic films without seams are .satisfactory. The ability to re-
sist icing on smooth surfaces is also a function of salinity. Con-
centrations above 3.5% have been shown to resist surface icing. The
higher the salinity the greater the temperature difference permissible
before incipient icing.

Proprietary research is continuing on other approaches to indirect
bulk crystallization. They promise to further decrease the sensitivity
of surfaces to icing and to minimize the requirements for surface
preparation.

The Indirect Process

The application of indirect crystallization to desalination is shown
in Figure (5). The simplicity of this process is apparent in the com-
parison to the previous schematics.

The feed heat exchanger and wash column are identical to those re-
quired in the vacuum processes. The crystallizer, however, is com-
posed of a multiplicity of smooth tubes enclosed in a refrigerant
jacket, similar to a shell and tube heat exchanger.

Feed from the heat exchanger is pumped through the tubes wherein ice
is crystallized in the bulk. The slurry from the crystallizer/heat
exchanger is directed to a wash column where the ice and brine are
separated. The washed ice is then pumped through another shell and
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tube heat exchanger and melted. The melted ice along with the brine
extracted in the wash column are removed from the system through the
feed heat exchanger.

The shell sides of the crystallizer and the melter are the evaporator
and condensor, respectively, for a state-of-the-art refrigeration sys-
tem, whose function is to remove the heat of crystalization of ice

and sensible heat from the feed-stream. A temperature difference be-
tween the refrigerant and feed from 2 to 5°C (4 to 10°F) is a reason-
able compromise between driving force and heat transfer surface cost.
The evaporated refrigerant is compressed and partially condensed in

the melter where the heat of condensation supplies the heat of fusion
to the melting ice. A portion of the refrigerant gas,with a heat con-
tent equal to the heat reject load, is further compressed and condensed
by ambient cooling water before being returned to the crystallizer with
the refrigerant liquid condensed in the melter.

Eutectic Freezing [10]

The Office of Water Research & Technology has recently contracted for
construction of a 38M3/day (100 gpd) Eutectic Freezing pilot plant.

The Eutectic freezing process is the extension of any freezing process
to the point where both ice and salt are crystallized from solution.
The effluents are salt and potable water.

The potential applications of this technology are in concentrating

and precipitating salts from industrial solutions, control of salt
concentration in industrial streams where loss of water is unacceptable,
such as cooling tower blowdown in arid areas and similar waste water
recycling applications. There is also possible application to brack-
ish water desalting where brine disposal is a problem or undesirable
because of the loss of water. |In this case, an eutectic freezing pro-
cess in conjunction with another primary desalting process may be
economically feasible.

The process functions on the principal that if sufficient ice is crys-
tallized from a saline solution, the concentration will be increased
to the point where the solution will be saturated with respect to the
dissolved salts. They will then precipitate from solution as discrete
phases if further ice is crystallized from the solution.

The feasibility of the process has been demonstrated with direct con-
tact crystallization [10]. The salts in the brines investigated had
a specific gravity greater than the ice and the brine. They are
separable by devices such as cyclones or gravity settlers which util-
ize this difference.

The pilot plant as currently specified [11] will use a cyclone between
the crystallizer and the wash column to separate the salt from the ice.
The salt underflow is to be collected in a filter. Currently a direct
contact crystallizer using R-114 as a refrigerant has been specified;
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however, an indirect crystallizer or vacuum crystallizer will be con- .
sidered.

SOLAR ENERGY AND FREEZING

Freezing processes are unique in relation to solar energy because the
principal power consuming elements are refrigeration systems. These
refrigeration systems can be mechanical or absorption permitting the
option of mechanical or thermal energy, or combinations thereof.
Further, thermal absorption cycles allow a relatively wide range of
operating temperatures through variations of types of absorbents and
absorbent concentrations.

All freezing processes, as do all desalting processes, require moving

of fluids, thus mechanical pump work is required; however, this repre-
sents a relatively small portion of the total system work, consequently
the major portion of the energy requirements can be provided thermally.

A number of solar combinations are possible.

Those processes which require mechanical energy for the primary re-
frigeration cycle can employ either a high temperature Rankine cycle
collector - turbine system to provide the mechanical/electrical energy
and use the turbine reject heat to drive an absorption heat reject
system; or a Photovoltaic array for the mechanical/electrical energy
input and use the cell coolant heat for the absorption heat reject
system.

A flat plate collector system or concentration gradient pond could
provide the thermal energy for a primary absorption process.

Specific requirements for the processes discussed in this paper are
summarized in Table (1).

The numbers given for thermal input are based on a sink or heat re-
ject temperature of 32°C (90°F), a feed salinity of 3.5% and a brine
salinity of 7%. These conditions are not necessarily optimal; they
are, however, typical.

The temperatures for the thermal inputs shown in Table (1) are based
on a 32°C (90°F) reject temperature and can be shifted up or down
linearly for different sink temperatures. An interesting aspect of
sink temperature is that the localities now being considered for

solar desalting are also arid climates, consequently it is possible to
consider evaporative cooling of cooling water to insure a minimum sink
temperature and thus a minimum solar heat temperature.

Absorption Freezing

A very interesting variation on the vacuum freezing process that has ’
some attractive features vis-a-vis solar desaltingis shown in
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TABLE 1

FREEZING PROCESS ENERGY REQUIREMENTS

Electrical Thermal
PROCESS KW-HR/M3 KW-HR Thermal/M3
(KW-HR/1000 gal)| (B/1000 gal)
7.5 14.9 @ 74°C
AFVC (28.5) (193,000 @ 166°F)
1.48 49.6 @ 82°C
VFEA (5.6) (640,000 @ 180°F)
5.8 13.4 @ 74°C
INDIRECT
FREEZING (22.1) (173,000 @ 166°F)
3.2 100 @ Lk°c
ABSORPT I ON
FREEZING
(12) (1,300,000 @
112°F) -

Conditions:

Feed - 3.5% TDS

Concentration Ratio - 2

Sink Temperature - 32°C (90°F)
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Figure (6).

The process is identical to VFEA and AFVC except that the ejector/
absorption and mechanical/absorption cycles of the two processes are
replaced with a simple absorber system.

The absorber is maintained at ambient, and consequently only a moder-
ate temperature elevation above ambient is required to liberate the
water of absorption in the generator. The heat reject vapor load is
shown schematically and accounted for in Table ! as being pumped by

a mechanical refrigeration system as in the AFVC process described

in the text. This could, however, be accounted for by a separate
?bsor§tion system operating at 71°C (160°F) for a sink of 32°C
(90°F).

The single stage absorption cycle has a considerably lower thermal
efficiency in terms of water production per unit of heat but the
temperature elevation required is only 12.2°C (22°F) above ambient.
A simple open pond could provide the necessary heat.
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SOLAR DISTILLATION IN GREECE

A, Delyannis and E. Delyannis
Nuclear Research Center Democritos, Athens, Greece

ABSTRACT

It is usual in arid locations to collect rain and store the rainwater in
reservoirs., This water is then used as fresh water supply. Three dif-
ferent designs of large size plastic covered solar stills have been ere-
cted and tested at the islands of Symi and Aegina. In all of them the
plastic cover could not withstand heavy rains and strong winds, A glass
covered solar still design was developed at the Solar Experiment Station
in Symi, This design has been applied in erecting commercial size solar
stills at six greek islands and at Gwadar in Pakistan. An operation
method of the solar stills to avoid formation of algae and scale consists
of periodic complete evacuation of the basin and refill with fresh sea-
water. Rain collection may double the production of distillate, Pre-
heating the feed water of solar stills increases considerably the out-
put of product water,

INTRODUCT ION

Water is a matter of life and death, Life was created in water and there
is no life without water. Excessive evaporation of water from the soil
gives a picture which is lamentable. Desalinmation of brackish and sea-
water is a means of modern technology to offer life to those regiomns,
where lack of fresh water stops development. It is well known, that solar
distillation exhibits a considerable economic advantage over other salt
water distillation processes, because of cost-free energy and reduced
operating costs. Another advantage of the process is its simplicity, as
no moving parts are involved,

Since the intensity of solar radiation per unit of evaporating area is
determined by mature, the output of a solar distillation unit in a given
location can only be increased by increasing the evaporating surface. Ca=-
pital costs and amortization deperd more or less proportionally with the
size of projected output and most of the studies in solar distillation
are directed toward improving the efficiency and reducing the construction
cost through appropriate design. Another parameter might be, the expected
life of the plant. Amortization and plant life are the determining fa-
ctors for the cost of the product water.

Although the advantage of cost-free energy is partly offset by increased
amortization cost, distillation with solar energy remains the most favor-
able process for small-capacity water desalting at remote locations, where
there is considerable solar radiation., Most solar distillation plants are
being (or will be ) erected in less developed countries or in areas where
there are limited maintenance facilities,
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As the incidence of solar radiation varies over the day, the time of the
year, the cloudy weather and the geographic location, solar distillation ‘
can never be a steady state operation.

RAIN COLLECTION AS WATER SUPPLY

Before entering into details on solar distillation, I think it is advis-
able to spent a few words on the water supply situation in some remote
areas, where lack of potable water does exist., As an example, in Gwadar
of Pakistan, prior of building a large solar still, rainwater was collec~-
ted in a basin, which was the drinking water supply of the nearby village.
Sanitary water conditions were not the ideal, When the basin runs dry,
the inhabitants were digging holes in the sand and collected very care-
fully the upper layers of stratified underground water as long as potable,
When the water became salty,they just dig another hole sufficiently apart.
Transportation of the water to the village is usually the duty of the
women, who carry the jars of water on their heads. When men are involved
in the transport of water, they most often use tins and donkeys to carry
the water home,

In Mediterranian islands and in places with similar climate, it is usual
to collect the rain water during the winter period, store it in under-
grourd cisterns and use the stored water during the vrest of the year.
Rainwater collection is made by shaping accordingly the flat roofs of the
houses and draining the rain water to the cisterns., Conveying of the water
to long distances is not required, as each house has ussually an indi=~
vidual cistern, but water stored for several months has not necessarily
the best taste.

PLASTIC COVERED STILLS

In 1963 a wealthy american philanthropist decided to make a social expe-
riment. The purpose was to investigate the effect of the supply of fresh
water to a poor community, deprived from natural water resources, He fin-
nanced the erection of a solar still at the small island of Symi in
Dodecanese. He was familiar with the american design of inflated plastic
covered solar stills and was anxious to see a prototype of this design
operating on a commercial size., Church World Service was charged with
the construction of the Symi solar still [1].

Figures 1 to 5 show some of the usual solar still designs. The first of
them represents the original deep basin design by Lof and Battelle, as
applied in the Daytona Beach Experiment Station. The design applied in
Symi ( Fig. 2 ) provided for a plastic cover supported by a small over-
pressure inside the still, Two gutters on each side of the cover collect-
ed the distillate. The water basin was shallow and the seawater layer
reached quickly enough a temperature, at which distillation could start.
Everything behaved well, until severe atmospheric conditions occured.
Heavy rain deflated the stills and the plastic cover went down to lay on
the seawater surface., Strong winds and hail damaged the plastic cover,
One of the major characteristics of the inflated solar still is the re-
quired absolute tightness of the plastic cover to the structure of the .
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fig. 1. Battelle-L3F design
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Fig. 2. Inflated plastic cover design
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Fig. 3. V-shape plastic cover design
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Fig. 4, Stretched plastic or inclined glass cover design
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basin. In view of the higher than atmospheric pressure, which prevail in-
side the still, any untight place leads to a loss of precious vapor. Due
to various disadvantages revealed during operation the inflated plastic
covered design has been abandoned.

A new design, the so-colled V-shape cover design ( Fig, 3 ) was first
tested at Symi by rebuilding part of the existing still and erecting two
elements in V-shape. In this design the plastic cover is held firm by a
pipe ranging along the axis of the still and forming the cover in the
shape of a very flat V. One gutter along the axis and in the middle of

the still is sufficient to collect the distillate, instead of two gutters
at the edges, as required in the inflated still design. The new design
was intended to keep the plastic cover tight and protect it from the action
of rain and winds, as the cover was supposed to be held firm by the pipe
and rain was expected to drain off.,

Before having sufficient experience with the V-shape at Symi, a solar
still entirely of the V-shape cover design was erected at Perdika in Ae-
gim. During operation rain water did not drain completely and remained
partly stagnant on the cover, increasing the load, Wind pushed the pipe
to balance right and left on the cover., As a result severe damages occured
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again to the cover material of both V-shaped stilla, at Symi and Aegima.
Consequently this design was also abandoned.

A third design was then applied, the so=-called stretched plastic cover
design ( Fig. 4 ). The cover is inclined to the south, fixed at the two
ends and stretched mechanically, without the burden of the pipe. Even this
design could not withstand the atmospheric conditions, Hence, three various
designs, all of them based on a plastic cover, were tested in commercial
size and, unfortunately, all three failed to meet the expectations. This
was the end of the plastic covered solar stills in Greece.

The plastic covered solar stills in Greece of various designs were erected
at:

Symi in 1964 with inflated cover and a water surface of 2686 m2
Aegina in 1965 with V-shape cover and a water surface of 1490 m2
Symi in 1968 with stretched cover and a water surface of 2600 m2

Aegima in 1968 with stretched cover and a water surface of 1486 m?

SOLAR EXPERIMENT STATION AT SYMI

Using a generous grant of the same american philanthropist, who has fin-
nanced the erection of the plastic covered solar stills in Greece, the Tech-
nical University of Athens has erected at the island of Symi a Solar Expe-
riment Station [2].

Our purpose was to extend our research to all kinds of solar applications
but we started with the development of a solar still, Although we had not
omitted to test as well plastic covers, our design was mainly based on a
glass cover, We have not used the conventional design with symmetric roof
type cover, as for instance the Australian design ( Fig. 5 ), but rather
a.shed~-type cover with one large glass pane looking to south and one small
glass pane looking to north. The large glass pane allows the solar radi-
ation to be totally directed to the absorbing water surface, as the length
of this glass pane is nearly equal to the width of the water basin. To
avoid sagging of the large glass pane, an aluminum supporting structure
was introduced, An inclination of no more than 10° was given to the large
glass pane for easy draimage of the condensate,

We tested single-stills, twin-stills and triple-stills. Preference was
given at that time to the twin-still, because of somewhat reduced invest-
ment cost. At the day of inauguration of the first inflated cover com-
mercial solar still in Symi we were already in a position to present a
model of our solar still design [3].

We have also tested at the Experiment Station several other solar appli-
cations, like water heating for household use, solar cooling, production
of salt on a conveyor belt, etc, We also bought a house to be used as
demostration of various solar applications, including space heating., At

a time, when solar energy was the most neglected source of energy, these
activities might had some interest. There is nothing exciting today about
them and I will omly put emphasis on some experiments aiming to increase
the yield of a solar still. We used first a black orlon fabric to act as
black body. The absorption of solar radiation was at the begining ex-
cellent., However, with time, the fabrics acted also as excellent nuclel
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for the deposition of scale, especially because stagnant areas in the
free flow of seawater were formed underneath the clothing. We therefore
abandoned the use of the black fabric.

We then introduced at the back side of the still, inside the glass pane
facing north, a serpentine pipe through which the feed water was circul-
ated before entering the still. Our intention was to preheat the feed
water and at the same time to create an additional condensing surface.
The results were quite satisfactory. Nevertheless, as the heat input to
the still by solar radiation remained the same, the total heat balance
was not affected and we could only register a displacement of the bulk

of the condensation from the large glass pane, as usual, to the condenser
pipes. The increase in total yield was not large enough to justify the
additional investment cost. To increase the yield in an impressive way,
the total heat imput into the still must also be increased when using ad-
ditional condensing surfaces.

SOLAR STILL DESIGN AND CONSTRUCTION

You might be interested to know more about our solar still design and con-
struction, as well as about its mode of operation. And first on the des-
ign, Fig. 6 shows on top a cross section of a twin solar still of our
design, as developed at the Solar Experiment Station in Symi. The single
basin still is of quite similar in design ( Fig, 7 ). Underneath some
construction details. The first shows the distillate collecting gutter

to the south side of the still ( Fig. 8 ), connected with the end of the
T-shaped aluminum support of the large glass pane. The lining of the
basin, usually of butyl rubber sheeting, is air-tight fixed to the distil-
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late collecting gutter. The glass pane is also air-tight fixed to the
aluminum supporting structure, with an inclination, as already said, of
no more than 10°. A similar construction is given to the distillate col-
lecting gutter facing north ( Fig., 9 ) and the two triangle shape sides,
facing east and west ( Fig., 10 ). In the twin basin still, an interme-
diate gutter is provided to connect the two basins ( Fig. 11 ).

The sequence of construction steps in erecting this type of solar still
in the field is as follows, At first a concrete frame is poured to form
the basin of the still and the bottom is levelled with a slight inclina-
tion for drainage purposes. The basin frame formed in this way is then
covered by a single butyl rubber sheeting, ordered exactly to the required
dimensions. The butyl rubber sheeting, together with the edges of the con-
crete frame, forms the basin of the still and serves at the same time as
black body. However, special attention should be given to kill any seeds
in the soil. Believe it or not, plants have such a living force that they
might penetrate the rubber, which has a thickness of about one millimeter,
and enjoy life and sunshine.

After the butyl rubber sheeting is in place, it might be proceeded to the
erection of the glass supporting structure. The aluminum structure is pre-
fabricated in the workshop by welding in elements of 5 m lenght. These
elements are then welded together on the site to form the solar still of
the required length. In Patmos the length of the stills was 40 m, but this
lenght proved to be excessive. In all other stills, built in Greece, the
length was reduced to 15 or 20 m, with a width per basin of about 1,70 m.
The last operation consists in placing the glass panes on the supporting
structure and seal them air-tight. Adequate piping and proper drainage

of the solar still are the items, which should be seriously considered to
obtain satisfactory operation.,

SOLAR STILL OPERATION

In Australia, in order to save labor, a serious effort was made to adjust
the feed of the stills in such a way as to obtain a continuous still ope-
ration. In this case the quantity of water fed to the still mst be
equal to the quantities of distillate produced and brine rejected. A con-
tinuous operation is beforehand a very difficult task, because of the
complete lack of steady state conditions. Hence, we have developed a
mode of operation consisting in the periodic complete evacuation of the
brine from the stills and recharge with fresh seawater.

The system requires a specific piping arrangement. A channel 1is digged
between two groups of solar stills, in which the piping is accommodeted.
The channel is covered watertight by concrete providing room for the
valves., Each still is equiped with a feed water valve and an evacuation
tube for drainage. The evacuation tube from inside the still leads to
small plastic pipes, placed in the channel and turnable up and down. The
length of these pipes are chosen in a way that, when they look up, their
open end is at the same height with the desired water level inside the
still basin. Any excess water overflows into the channel. In other words
the water level inside the still is controlled by the length of these
pipes, when they are looking up. When the pipes are turned down, their
end is quite lower than the water basin in the still and the basins are
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entirely evacuated in the channel. To complete the description of the
piping system, may I add that two seawater feed pumps are always provided
for each solar distillation plant, one for normal operation and one as
stand-by.

The mode of solar still operation that we have developed has the following
cycles. The stills are filled with seawater to a depth of 2 to 3 centi~-
meters and the level is controlled, as already mentioned, by the height
of the open end of the drainage pipes. The still is then left alone for
3 to 4 days to normal operation., Depending on the evaporation rate and
the amount of distillate produced, the brine remaining in the basin is
concentrated to a certain degree., However, before the critical concentra-
tion of calcium carbonate deposition is reached, the drainmage pipes are
turned down and the solar still basins are evacuated. To avoid heat losses
this operation is performed early in the morning. By this way scaling
deposits are prevented and no time is left for algae to grow.

After the evacuation is completed the stills are filled again with fresh
seawater. The system has behaved well in all commercial solar stills in
Greece, provided that the instructions for proper operation were observed,

At this point I wish to emphasize, that a solar still must always be kept
in operation, independently if the distillate is required or not, in other
words the year around. Unfortunately some communities did not operate the
solar stills during winter time, when fresh water from rain collection was
available, If the still is not regularly evacuated, over-concentration of
the seawater inside the basin is inevitable with the result of forming
scaling deposits and algae.

SOLAR STILLS IN GREECE

Based on our design, the Greek Govermment has built six commercial solar
stills in the islands., As a rule the community involved was requested to
make available the required land at no charge. In such case the Govern-
ment has financed the erection of the solar still and the Bank for Indus=-
trial Development, which is Government owned has proceeded to the con-
struction. After the solar distillation plant was completed, it was
turned over to the Communal Authority for operation and distribution of
the produced fresh water to the local consumers. The latter is the weak
point of the whole system.

Communal Authorities are not so permanent as a solar still, They might
change with the next election and the attitude of the new-comers towards

a solar still might also change. Cases have been recorded where the solar
stills have been left unattended for long periods of time, especially in
winter, with the unavoidable unpleasant results.

The solar stills, which have been built by the Government of Greece, were
erected at the islands of:

Patmos in 1967 with an evaporating area of 8600 m? [4,5]
Kimolos in 1968 with an evaporating area of 2508 m?
Nisyros in 1969 with an evaporating area of 2005 m* [ 6 ]
Cephalonia in 1971 with an evaporating area of 2200 m?
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Ithaca in 1971 with an evaporating area of 2400 m?
Megisti in 1973 wirh an evaporating area of 2528 m?

All of them are using seawater as a feed and no corrosion has been ob~
served in the aluminum alloy used for the construction of the glass sup-
porting structure, All have operated for years in a satisfactory way.
An exception is Patmos, where, after more than a decade of operation the
local authorities have recently developed apparently more abundant ways
of water supply for this community.

In order to complete the overall picture some slides of various solar dis-
tillation plants in Greece will be presented. The first of them shows a
general view of Patmos, which is one of the largest solar stills in the
world. The next slides show as well Patmos under construction with the
provisional workshop in the back, where the elements of the cover support-
ing structure were assembled, and the Patmos still shortly after the of-
ficial inauguration in May 1967,

The other pictures show the Kimolos still, the Nisyros still and the Ce-
phalonia solar still., In Nisyros a sufficiently large level terrain was
not available and the still was arranged in three levels, instead of ex-
pensive leveling of the ground.

Our solar still design has also been used by the Pakistan Atomic Energy
Commission to erect at Gwadar two solar distillation plants, The first,
a preliminmary one, was rather a prototype and covered an area of 306 m?,
The local contractor made first a mistake orienting the large glass pane
to the north, instead to the south., This mistake was corrected but gave
for some time a unique opportunity to compare the productivity of the
still versus orientation. Hence, the wrongly oriented part of the still
exhibited a lower productivity by about 30 %. The final solar distilla-
tion plant at Gwadar covered an area of 9072 m? and is, together with
Patmos, one of the largest solar distillation plants in the world [7].
Unfortunately no picture is available,

RAIN COLLECTION

There are two more items which I wish to briefly discuss before closing
my talk. The first is rain collection in a solar distillation plant.
Glass covers and concrete paved path-ways between the stills are excellent
rain catchment areas. Usually the period of the rains does not coincide
with the time of the year at which intense solar radiation prevails.,
Therefore these two water reclaiming methods complement each other. An
extensive report on the importance of rain collection in a solar distil-
lation plant has been published by us some years ago [3].

Accordingly the average daily output of distillate over the year reached
less than 3 liters per square meter per day and the addition of collected
rainwater increased this amount to nearly 5 liters per square meter per
day, under the prevailing at that year rainfall. This means that distil-
late plus rain brings the average daily productivity over the year of the
solar still quite close to the highest distillate output, as recorded in
the hottest summer months.

When the rainfall is sufficiently high, it might therfore be concluded
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that a solar still is an excellent rain collecting area, in which inciden-
tly some distilled water may be produced.,

The second item, which I wish to briefly discuss, is the effect of pre-
heating the feed water to the solar still, Solar collectors have a
higher efficiency than solar stills, It appears therefore beforehand of
interest to preheat the feedwater by means of solar collectors and pro-
ceed to its distillation in a separate device., Combinmation of solar
heated feedwater with conventional distillation or vapor compression has
been proposed on several occasions, but there is no practical experience
of this process as far as I know. Our experiments were directed rather

in combining heating of the feedwater by means of solar collectors with

a conventional greenhouse solar still, under continuous water circulation.

Preheating of the feedwater to a solar still rises quicker than usual the
water temperature in the basin and hence increases the rate of distillate
output. The still was operated both as shallow basin and as deep basin,
Whereas the major output in the shallow basin occurs during the day
hours, in the deep basin the operation is prolonged during the night hours,
However, the total output of the two systems remains more or less equal,
when the maximum temperature of the basin is in both cases about the same
under stagnant conditions., The nocturnal output of the deep basin still,
allthough several times that of the shallow basin, is offset by the re-
duced cutput during the day.

Our experimental device consisted of a greenhouse type solar still, as ap-
plied in the greek islands, with a water evaporating surface of 9.85 m2
assisted by a radiation absorbing area of solar collectors of 5.4 m2, A
typical run under stagnant conditions, with no water circulation and no
preheating of the feedwater, gave the following results:

Basin Radiation Max, temp. Min. temp. Qutput
M —itu ° o o o .
2 ftz.day C F C F lit./day
shallow 7402 2346 65 149 20 68 day 8-20h 41.36
night 20- 8h 5.04
total 46,40
deep 6769 2146 52 125 29 84 day 8-20Ch 15,16
night 20- 8h 23,37
total 38,53

Combining preheating in the solar collectors and continuous circulation
of feed water, the results obtained were:

shallow 7664 2430 75 167 23 73 day 8-20h 66450
night 20- 8h 2,93
total 69,43
deep 7708 2444 64 147 37 99 day 8-20h 41,52
night 20- 8h 27.56
total 69,08
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Variation of the circulation rate from 120 to 340 1/h showed no signifi~
cant effect on the water temperature in the basin and hence on the distil-
lation output. Fig. 12 shows typical distillate porduction on various
corditions.

Run 1 pefers to shallow basin with stagnant water at 2.5 cm depth.
Run 2 refers to deep basin with stagmant water at 15 cm depth,
Run 3 refers to shallow basin with 340 1/h circulating water at
2,5 cm depth and
Run 4 refers to deep basin with the same circulation at 15 cm depth.

CONCLUS I ONS

The operation of commercial solar stills in the greek islands confirmed
the expectations that a solar still is a reliable method to supply fresh
water to smll isolated communities with restricted technical facilities,
The communities involved, usually poor, are released from the expense
for energy, which reduces the operation cost to bearable limits, Hence
the erection of a solar still is the only possible way of water supply,
from the economic point of view, for. these communities, provided that
there is no charge for amortization., Taking in consideration the con-
tinuously rising oil prices a serious effort should be made to promote
the erection of solar stills for the benefit of those communities, which
have no other means to assure their potable water,

Criticism has been made about the healthiness of drinking distilled water.
I do not dare t¢ consider stabilization of distillate in such small com-
munities, but I wish to remind that for centuries many communities had
rain water as their main water supply. And the inhabitants have sur-
vived quite well.
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DESALINATION FOR MUNICIPAL SUPPLY

by

H.D. Altinbilek™ and M. Akyurt®*

ABSTRACT

Water requirements in municipalities as well as factors
affecting demand are reviewed. Consumption and its rela-
tion with demand are discussed. Variations in demand are
explained, using examples from Saudi Arabia. Various ways
of meeting the water demand and the design of municipal
systems for meeting the variations in demand are briefly
reviewed.

Water demand and supply in Saudi Arabia is studied, includ-
ing projections into the future. The role of desalinated
water in meeting the present and future demand in the King-
dom is stressed. The plans of the Kingdom to build two
solar plants, one for desalination of sea water and the
other for brakish water, are reported.

It is observed in conclusion that solar desalination has a
promising future in the Kingdom as well as in other areas
with acute water shortages, provided that solar technology
has matured sufficiently to meet the challenges involved.

GENERAL

Water is becoming a limiting factor on the economic growth
in many parts of the world. Modern civilizations are far
more dependent on water than past civilizations. As the
population of the world continues to increase rapidly, mo-
dern standards of personal cleanliness call for vastly
more water than was used a century ago.

It follows that water requirements of contemporary towns

are very large. Complex municipal supply systems are re-
quired for providing cities with sufficient quantities of
potable water. Water delivered by municipal works must be
hygienically safe, esthetically attractive and palatable,

and economically satisfactory for its intended uses. Sa-
nitary standards set by the World Health Organization for

*¥ Associate Professor of Civil Engineering, King Abdulaziz
University. P.O. Box 1540, Jeddah, Saudi Arabia.

¥¥Professor of Mechanical Engineering, King Abdulaziz
University, P.0. Box 1540, Jeddah, Saudi Arabia.
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water for human consumption are given in Table 1.

‘More often than not, the entire water demand of a community
cannot be met from a single source. It becomes necessary
hence to augment a main water source by additional sources
such as rivers, lakes, ground water and desalination plants.
The planning of a municipal water supply system in general
involves the following lll

TABLE 1

WORLD HEALTH ORGANIZATION
STANDARDS FOR DRINKING

WATER
Substance Maximum permissable
concentration (ppm)

Carbon dioxide 20
Carbonates of sodium and potassium 150
Chlorides 250

Chlorine (free) 1.0

Copper 3.0
Detergents 1.0
Flourine 1.5

Iron 0.3

Lead 0.1
Magnesium 125

Nitrates 10

Phenols 0.001
Sulphates 250

Zinc 15

Total solids in suspension 500

Maximum NaCl 250

a. Estimation of the future population of the community.

b. Determination of the quantity, quality, areal and
timewise distribution of water to be provided.

¢c. Location of reliable sources of water.

d. Designing of the necessary storage and transmission
systemns.

e. Designing of water treatment facilities to bring the
physical, chemical and biological characteristics
of water to desired levels.

f. Designing of the distribution system.

ge. Planning of an organization which will operate and
maintain the supply, treatment and distribution
facilities.
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WATER REQUIREMENTS

Uses of water supplied to municipalities may be broken down
into four classes.

Domestic use is that water which is consumed in private
residences for such functions as drinking, cooking, washing,
bathing, laundering, house cleaning, heating, air condi-
tioning, garden watering, sewage disposal, and car washing.
The use of water in an average home in Akron, Ohio in 1970
is given in Table 2 |2].

Commercial and industrial use is that water which is used

by commercial and industrial establishments such as hotels,
laundries, canneries, manufacturing plants, etc.

TABLE 2

WATER USE IN AN AVERAGE HOME
IN AKRON, OHIO (2]

Function Share of Total (%)

Washing

Drinking and food preparation
Bathing

Lawn watering

Toilet flushing

Dish washing

Household cleaning

Clothes washing

= w
Fw AP WwWwm =

Public use includes water required for parks, mosques,
public buildings, schools, public toilets, public pools and
fountains, and for street washing and fire protection.

Loss and waste represent all unaccounted-for water through
leaks, breaks at pipe joints and in house service pipes
as well as through unauthorized connections.

Water demand, expressed commonly as liters (%) or gallons
(gal) per capita per day, varies much and is influenced
by many factors. Average values of water demand for the
United States is given in Table 3 |3].

The total sum of water demands is termed the "dally average
demand" per capita, which is equal to the total annual
supply divided by 365 times the population served. The
daily average demand varies widely all over the world.
While for cities in North America it 1is generally taken to
be 568 2&/cap/day (150 gal/cap/day) as in Table 3, its
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TABLE 3

WATER DEMAND IN THE UNITED STATES |3|

Use Demand-%/cap/day(gal/cap/day) % of Total
Domestic use 277 ( 60 ) 40.0
Commercial use 76 ( 20 ) 13.k
Industrial use 189 ( 50 ) 33.2
Public use 38 ( 10 ) 6.7
Loss and waste 38 ( 10 ) 6.7

568 : 150 100.0

accepted values per capita per day are 415 & (110 gal) in
Scotland |4|, 225 & (60 gal) in Turkey |5] and 245 &

(65 gal) in Saudi Arabia |6]|. 1In certain parts of the
world where water has to be carried, the daily average de-
mand has been observed to fall below L0 £ /cap/day

(11 gal/cap/day). Some of the factors that influence the
daily average water demand are listed below:

- Climate

- Socioeconomic characteristics of the city

- 8Size of the city

- Types of industrial and commercial activities
- Extent of sewerage

- Quality of the water

- Abundance of public and private water supplies
- Completeness of meterage

- Cost of water

- Pressures in the distribution system, and

- Management.

It is important to differentiate between "demand" and
present "consumption". In areas where the supply is less
than the demand, consumption 1is naturally below the actual
demand for water. One would expect a discrete jump in
consumption in such cases, following the addition of a

new supply to the system. A sudden increase of 25% was
measured in Bursa, Turkey (pop. 330 000 in 1975) when the
supply was sufficiently increased |5[. In like manner a
50% jump in water use is anticipated in major towns in

the Kingdom if the supply is abundant |6].

A high degree of wastage can occur when water is supplied
on an unmetered basis or is very cheap. This would re-~
sult in an artificially high demand. ULikewise, wastage
thrngT leaks can reach 40% or more of the total sup-

ply |u].
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VARTJATIONS IN DEMAND

Water demand shows annual, monthly, daily and hourly varia-
tions. The hourly variations in demand affect the sizing
of the distribution mains and the service reservoirs. The
consumption during the hour of maximum use lies between

1.7 to 3.25 times the average hourly water demand |5|. The
smaller the community, the more variable the demand.
Industrial use, on the other hand, shows less variations.

Variations in daily demand throughout the year reflect

seasonal and climatic changes. The ratio of maximum daily
use to average daily demand varies usually between 1.2 and
2.0, with an average design value of 1.5 IT

Figure 1 illustrates the seasonal variations of the daily
consumption in Jeddah, Riyadh and Medinah |6|. Per capita
consumption is expected to be higher in Jeddah due to a
hotter and humid climate, larger city size, availability
of water and a higher standard of living. The demand in
Medinah is significantly lower during the winter months.
There is, however, a pronounced increase in demand during
the Hajj season (pilgrimage to Mecca) occurring in the
present case during January and February. It is interest-
ing to note that this increase in demand in Medinah is
accompanied by a corresponding drop in water use in Riyadh,
caused by the migration of people and transfer of many
governmental functions to Mecca and Medina during the pil-
grimage. The peak in consumption of water in Mecca during
pilgrimage is bounded due to limited availability.

MEETING THE VARTATIONS IN DEMAND

Water supply systems are designed to meet community re-
quirements over a reasonable period of time. The seasonal,
monthly, daily and hourly departures from the average
demand naturally affect the design of the system. Munici-
pal water systems generally comprise collection works,
purificdtion works, transmission works and distribution
works. The capacity of individual system components is

set by what is expected of them and by economics cons-
traints.

Distribution systems must have sufficient capacity to meet
maximum hourly demands expected at the end of the design
period. Transmission works, on the other hand, are de-
signed for the maximum daily demand. Desalination plants
and lesser purification works, which can be located at
either end of the transmission works, are also designed in
general for the maximum daily rate.
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Differences between the maximum hourly demand and the
maximum daily demand are compensated by service reservoirs
which are provided throughout the distribution works.
Service reservoirs store enough water to

a) Compensate for hourly variations in water
consumption;

b) Deliver water for fire fighting purposes, and,

¢) Provide emergency storage for minor shut downs.

Annual and seasonal variations in water demand are met by
providing the collection works and supply systems as well
as the transmission and purification works with sufficient
capacity. Here again final sizing is the result of eco-
nomical considerations. The pipes and other hydraulic
elements of municipal water systems demonstrate an
"economy of scale" property such that the cost per unit
capacity decreases as the capacity increases. For exam-
ple, a pipe 2 m in diameter may be 2.5 times more expen51ve
than a pipe one meter in diameter, but will carry
approximately six times more water. Accordingly, pipe
components are generally sized for demands expected at the
end of the design period.

Desalination plants, on the other hand, do not seem to
possess such a pronounced economy of scale property. For
this reason, they are designed generally as staged
constructions. The scheduling of a desalination plant in
stages to augment the ground water supply is illustrated
in Figure 2.

CURRENT PROGRAMS IN SAUDI ARABIA

Meeting the water requirements of municipalities in Saudi
Arabia is a real challenge. Surface waters are not
available in general; there are no rivers in the Kingdom.
The average annual reinfall is less than 10 cm (4 inches).
Only in the south west the rainfall may reach 30 cm

(12 inches) a year. Over twenty dams have been built and
are being built in this region for catching run-off
Water which becomes available in this manner is used to
supplement ground water reservoirs as well as to supply
domestic and irrigation needs.

Underground aquifers are present in several parts of the
country, especially in the east, ranging in depth from

75 to 250 m (250 to 850 ft) Numerous deep wells have
been drilled throughout the Kingdom for utilizing ground
water. Surveys indicate that proven reserves are about
337,500 million cubic meters (89,000 billion gallons) |9].
Eventual depletion of these reserves 1s expected since
sufficiént replenishment of ground water reserves 1is
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unlikely.

The demand for potable water, on the other hand, has been
rising at increasing rates in the Kingdom., In 1975 the
annual water demand of the country was estimated as
follows (in million cubic meters/in billion gallomns) |[8].

Irrigation 1900 500
0il well injection 390 100
Urban 170 L5
Total 2460 mil. m3 645 billion

gallons

The projection of annual demand for water over the next
twenty years is given in Table |9|. Figure 3 illustrates
the growth of agricultural, municipal and total demand
over the same period. As may be observed from this
figure, sharp rises in the demand for water are antici-
pated, starting with the year 1985.

TABLE L

WATER DEMAND IN SAUDI ARABIA (1980-2000)]9]|

Year Demand

106m3/year billion gal/year

1980 4658 1230
1985 5340 ‘ 1420
1990 5724 1512
2000 6523 1723

In the past ground water has met the major portion of the
Kingdom's combined agricultural, industrial and urban de-
mand, while surface water satisfied a smaller share. 1In
addition to these conventional resources, increasing
amounts of desalinated water has also been supplied in
recent Yyears. In Jeddah, for 1nstance desalination
plants currently supply 160 000 m 3/day (42.3 million
gallons/day) along with two ground water sources, Wadi
Fatima (average yield 60 000 m3/day) and Wadi Khulays

(30 000 m3/aay).

It is apparent that demands in the Kingdom will grow ra-
pidly with rising population, increased urbanization and
industrialization, and the spreading of irrigated agri-
culture. Uncertainities about the availability of ground
water, forecasts of rates of growth in urban water con-
sumption of over 10% annually, awareness of waste and
misuse of water resources, and the knowledge that
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development of industry, mining and agriculture is depen-
dent on abundant and assured supplies of water have led to
the adoption of the following national policies |8]

- Continue to develop ground water resources
to meet immediate urban, industrial and agricul-
tural demands in locations distant from the sea
coast, and,

- Accelerate development of the supply of desalinated
sea water to meet urban and industrial demand in
locations at or near the sea coast, and plan to
use desalinated water to meet demands in selected
locations away from the coast.

Thus present long range plans include programs for having
desalinated water replace natural reseurces as the main
water supply for municipal and industrial use, so that
natural resources can be used for irrigation |[6].

Water supply forecasts have been made in the light of these
considerations such that desalted water assumes considera-
ble importance by the year 1985. TFigures 4|9| and 5]|6|
show, respectively, the projections on the annual supply
of water and the inerease in capacity of desalination. It
is clear from Figure L4 that in the future as in the past
ground water will provide the bulk of the water require-
ments of the Kingdom. Desalted water will, however, play
an increasing role in the near future, and it will become
a. very significant source of water soon. Likewise,
moderate amounts of recycled water will be used in non-
municipal applications after 1985.

Desalination plants in the country (Figure 6) utilize the
multistage flash process, with the exception of several
experimental units. Most plants use heavy o0il for fuel.
Desalination plants located along the east coast, however,
rely on natural gas |6].

As a result of the genuine interest in and the emphasis
laid on research on solar energy applications, the Kingdom
is planning to build during the current Third Five Year
Development Plan two desalination pilot plants running on
solar energy |9|. One of these solar plants will desalt
sea water and the other brakish water, and they will each
have a daily desalination capacity of 6,000 m3 ( 1.6
million gal).

CONCLUDING REMARKS

Although ground water will continue to be the dominating
factor in meeting this country's water demands for some
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time to come, desalinated water is and will continue to
assume a very significant role. By the year 1985 the an-
nual supply of desalinated water is to be equivalent to
68% of the Kingdom's total supply of water from renewable
sources. By the turn of the century this figure will
reach 1147%

In the face of dwindling fossil and ground water reserves,
and increasing fuel costs it is almost certain that solar
energy will have a significant role to play in the years
to come in supplying desalinated water in this country

as well as in others facing the same water shortage pro-
blem. The pace of acceptance and utilization of solar de-
salination will be set, to a large extent, by the maturity
of available solar technology,
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DESALINATION FOR INDUSTRIAL USES

P. Schroeder*
Schroeder Process Corporation, Santa Ana, CA

ABSTRACT

A previous work [l] predicted a massive (29.6 billion gallons per day)
market for desalination (desalting) in the United States by the year
2000. Most of this market (85 percent) is expected to result from
industry's compliance with the Federal Water Pollution Control Act

of 1972 (FWPCA). The broad intent of the FWPCA is to achieve fishable
and swimmable waters by 1983, and to achieve zero discharge of pollu-
tants by 1985. The obvious implications for industry in that they
must look for every possible way to reuse (recycle) the water within
their own facility. Desalting will be required for a portion of this
recycled water in order to make it suitable for its intended use.

What is finally to be discharged must also be cleaned up. This clean-
up will frequently including desalting. How these two activities,
desalting of some recycle streams and some return flow streams, con-
tributed to the estimated total desalting market is discussed. In-
dustries which are high water users are listed. Specific examples

of present and proposed use of desalting to solve these problems are
provided. Energy sources for these processes are also discussed.

INTRODUCTION

In any developing technology, it is necessary to determine the current
state-of-the-art before deciding the future course of action. The
Office of Water Research and Technology (OWRT) sponsored state-of-
the-art studies for the three desalting processes: distillation,
freezing, and membrane processes. Each of these studies provides
valuable technical information and has considerable background and
history of the process with which it is concerned. Each report is
based on a specialist's point of view in that area. As a result, they
contain differences in cost bases and assumptions. Also, interactions
among these technologies were not considered by the individual in-
vestigators. An effort was therefore needed to adjust the market and
cost data, presented by each report, to a common basis, compare the

*Mr. Schroeder is now with Schroeder Process Corporation, but was Prin—

cipal Investigator, and Project Manager of Fluor Engineers and Con-
structors, Inc. on their work referred to here.

159



present and the future developments of each technology, consider the
- interactions among them, and make recommendations for the future
development of these three desalting technologies.

OWRT awarded a contract to Fluor Engineers and Constructors, Inc. to
carry out this task. The objective of this project was to develop
recommendations regarding the research and development effort that
should be expended in each of the major desalting techniques - dis-
tillation, membranes, and freezing. These research and development
recommendations were to be a total program required to bring each pro-
cess to a "fully developed" state, regardless of who carries it out
and whether it is carried out nationally or internationally either

by governments, or private industry. The recommendations were to be
based on the estimated future needs for water from desalting, the
fully developed potential for each technique, and the time and effort
required to reach full development. The technical approach to perform
this work was carried out in six steps: review and adjust market data,
review and adjust process economics, estimate "fully developed" eco-
nomics of each process, estimate cost and time required to reach full
development of each process, consider economic interactions among the
processes and make the recommendations for development work.

We conclude that full development of the processes could result in
savings on water costs of one-third to three-quarters (depending on
the process, water type, etc.) of current costs - not too surprising
a result. But, the results of the desalting market estimate contained
some startling surprises. First of all, the market was so huge that
it caused us to re-examine our assumptions and methods more than once.
Admittedly, our methods were very broad brush, but refined figures
were not necessary to our purpose. All that we needed to know was
that the potential market was large enough so that the estimated
savings in costs would justify the proposed research and development
budget. As it turns out, a market of 10 percent (or two percent for
that matter) of the estimated size would be large enough to satisfy
that requirement. The greatest surprise was that 85 percent of the
expected market would result from industry's compliance with the
Federal Water Pollution Control Act of 1972 (FWPCA).

Concurrently, we, and many others, had been doing some work in
applying desalting to these problems. This paper provides a dis-
cussion of:

o The nature of the problems

o The potential size of the market

o The industries involved

o Specific examples of desalting solutions

o Energy sources
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THE NATURE OF THE PROBLEMS

Industry faces numerous problems with their waste streams, in order
to comply with the FWPCA. Some of these problems can be solved, or
partly solved, by the proper application of various desalting techni-
gues. Knowledge of the objective of the FWPCA will aid in under-
standing these problems.

Objectives of the FWPCA

The broad intent of the FWPCA is to achieve fishable and swimmable
waters by 1983, and to achieve zero discharge of pollutants by 1985,
These objectives are to be met by application of Best Practical Tech-
nology (BPT), by July 1, 1977, and by application of Best Available
Technology (BAT), by July 1, 1983. Reports indicate that the July

1, 1977 deadline has been met by about 90 percent of the industrial
units. However, there is an ongoing debate on whether BAT is needed
because BPT has produced better water quality than was expected.
Obviously, any relaxation of the law could have a drastic impact on
the projected desalting market.

Implications For Industry

Almost all industrial return flows are contaminated by pollutants,
toxic and nontoxic. In order to comply with the law, a first obvious
step is for each installation to reuse (recylce) as much water as
possible within their own facility. This will at least make their
waste stream smaller. It will also ‘cut down on the amount of raw
(make-up) water required. In some instances, the water to be reused
will need to be desalted in order to be suitable for its intended use.
Finally, regardless of how much the return flow may have been shrunk
in size, it must comply with the law. These return flows would be
concentrated by extensive recycling. Some of these streams will re-
quire desalting.

THE POTENTIAL SIZE OF THE MARKET

As stated above, one of the requirements of the state-of-the-art study
was to make a rough estimate of future desalting needs so that we
would have some measure of potential savings that could result from
an aggressive research and development program. We examined seven
different sectors for their potential desalting requirements:

o National water shortage

o Local water shortage

o Manufacturing return flow clean-up

o Steam electric reuse flow clean-up

o Steam electric reuse water clean-up

o Manufacturing reuse water clean-up
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o Drinking water clean-up

There appeared to be no impending shortage on a national basis. Unfor- .
tunately, surplus water in one place cannot always make up

for shortages in another, because of distance. As a result, there

is a relatively small (about five percent of the total) potential de-
salting market due to local water shortage. Some potential for de-
salting appeared in each of the other sectors (See Figure 1). The
amount due to drinking water clean-up and local water shortage are
of no interest in this paper except to show how small they are when
compared to the industrial sector (The steam electric and manufac-
turing combined are regarded as the industrial sector in this paper).
The industrial sector aggregates a whopping 85 percent of the poten-
tial market.

Return Flow Clean-up

From Manufacturing. The 1975 projections [2] of future water consump-
tion (see Figure 2) indicate an increase from 105 billions of gallons
per day (BGD) in 1975 to 125 BGD by the year 2000, while the water
withdrawal is projected to decrease from 347 BGD to 292 BGD during
the same period. These projections indicate that the water consump-
tion in 1975 was expected to be 30 percent of the withdrawal and could
be about 41 percent of the withdrawal in the year 2000. The return
flow water, or the difference of withdrawal and consumption projec-
tions for the year, is estimated to be 167 BGD. The increasing water
consumption, coupled with reduced return flow, would cause a higher
concentration of solids and contaminants in the return flow which will
have to be eliminated because of the FWPCA requirements of zero dis-
charges by 1985.

These return flows are projected to be 14.1 BGD for the year 2000.
We estimated that by the year 2000, 80 percent of the return flows
could provide a potential desalting market of 11.3 BGD.

From Steam Electric Generation. The 1975 water withdrawal for steam
generation was 92.6 BGD with 2.1 BGD of consumption, and a return flow
of 90.5 BGD. The overall concentration factor of the return flow was
only (92.6/90.5) 1.023, indicating the cooling to be mostly once
through. By the year 2000, the water withdrawal is anticipated to
decrease to 70 BGD, and the water consumption to increase to 9.1 BGD.
The projected return flow would be 60.9 BGD. The overall average con-
cencration factor of return flow water would be approximately
(70.0/60.9) 1.14 indicating more water recycling. This would require
clean-up by desalting in some cases, particularly in regions where
high salinity problems already exist, or where the water supply is
already short. Return flows from the South Atlantic Gulf, Texas Gulf,
Rio Grande, Colorado, Great Basin, and Pacific Southwest regions are
expected to shrink from 15.1 BGD in 1975 to 10.4 BGD by the year 2000,
due to extensive recycling. If 80% of these streams are desalted the
desalting technology market from this source would be 8.28 BGD.

,
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Reuse (Recycling) Clean-Up

This market estimate was based on the following principal assumptions: .

o Total water reuse was taken as the difference between the
1968 and 1975 projections [2] of water reqguirements (see
Figure 2).

o Of this total water reused, it was assumed that only one per-
cent of the steam electric reuse, and two percent of the in-
dustrial reuse would be desalted.

The information presented above was for the market in the United
States only. Undoubtedly, similar problems exist or will exist in
other countries. In general, the proposed solutions should be
applicable to these problems as well.

THE INDUSTRIES INVOLVED

In one of their recent publications [3] OWRT provided the following
information:

"Industrial requirements and discharges are estimated for the follow-
ing manufacturing and minerals Standard Industrial Classifications
(SIC):

Manufacturing Industries Minerals Industries
Primary Metals - SIC 33 Metal Mining - SIC 10
Chemicals and Allied Products - Non-Metal Mining - SIC 14

SIC 28 Fuels

Paper and Allied Products - SIC 26 Anthracite Mining -

Petroleum and Coal Products - SIC 29 SIC 11

Food and Kindred Products - SIC 20 Bituminous Coal and

Transportation Equipment - SIC 37 Lignite Mining -

Textile Mills Products - SIC 22 SIC 12

Other Manufacturing 0il and Gas Extraction -
SIC - 13

"Primary metals (SIC 33), chemicals (SIC 28) and paper (SIC 26) in-
dustries accounted for about 77 percent of the total fresh water re-
quirements for manufacturing industries in 1975. The total fresh
water requirement of these same three industry categories in 2000 is
projected to be about 14 BGD or about 72 percent of the total indus-
trial manufacturing requirement of 19.7 BGD. Most of the water use
for manufacturing is in the Great Lakes, Ohio, Mid-Atlantic, South
Atlantic-Gulf, Lower Mississippi and Texas-Gulf regions with the Great
' Lakes Region accounting for over 20 percent of all industrial use.

"Water use in manufacturing industries is primarily for three pur-
poses: (1) cooling, (2) boiler feed, and (3) processing. About 70
percent of all industrial use is for cooling and this represents a
potential for wastewater reuse and recycling. Boiler feed water and ‘
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process water in general require higher quality water and the poten-
tial for reuse of wastewater for these purposes is more limited. .

"The mineral industries include metal mining (SIC 10), fuels (SIC 11,
12 and 13), and non-metal minerals (SIC 14). The largest water with-
drawal is by the non-metal mining industry, but the largest consumer
is the fuels industry with more than 60 percent of the total. The
principal water using non-metal mineral industries are chemical and
fertilizer mining (SIC 147), 51 percent of the total and sand and
gravel (SIC 144), 30 percent of the total. Over 90 percent of the
water withdrawn by non-metal minerals industries was for coal pro-
cessing with very little used for cooling. Non-metals will continue
to be the major water using segment of the minerals industries with
an increase from 3.7 BGD in 1975 to 6.1 BGD in 2000. Reclaimed waste-
water could be used for several purposes, including processing, in
some minerals industries."”

Interest in this area is confirmed by the fact that these industries
are on the list of "high water-using industries" in the "OWRT Priori-
ties for Fiscal Year 1981 Support - WATER REUSE RESEARCH AND DEVELOP-
MENT". ’

SPECIFIC EXAMPLES OF DESALTING SOLUTIONS

Early research and development efforts in desalting were focused on
saline water conversion - fresh water from seawater or brackish water.
Enactment of the FWPCA broadened that view to include the clean-up

of waste streams either for reuse (recycling) or legal discharge. The
problems are different, primarily because some of the pollutants in
these waters interfere with some of the desalting processes, espe-
cially the membrane processes. However, while additional pretreat-
ment, or a combination of processes may be required in some instances,
the technologies of saline water conversion are generally transferable
to waste stream clean-up. In the examples that follow, it will be
seen how the technology was transferred to another discipline (waste
stream clean-up).

Desalting Plant Brine Disposal Methods - Inland Locations

The Need for Low Cost Concentrators. The need to convert the effluent
from desalting plants at inland locations to solids (ultimate dis-
posal) has been recognized for some time. Return of the effluent to
the source stream is almost always environmentally unacceptable, and
probably illegal. Also, the technical problem of contaminating the
source becomes significant to the desalting plant itself if a sub-
surface source is utilized. Deep well injection is only slightly bet-
ter, and in the long run would also prove envirommentally unaccept-
able. As a result, the effluent must be transported by some means
(pumping, truck, etc.) to a suitable disposal site. Needless to say,
the more concentrated the effluent is, the better, and in most cases,
a solid would be preferred to a concentrated liquid. Higher concen-
trations also produce more by-product water (if the process used pro- .

duces water. Some, like solar ponds, do not).
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But the need for lowest possible cost concentrators is not limited
to inland desalting plants. Concentration and water recovery from
industrial process and waste streams is becoming increasingly impor-
tant, and will soon become critical if the objectives of the FWPCA
are to be met. Virtually every industry is faced with problems in
this area.

The Office of Saline Water (OSW) awarded contracts to five equipment
manufacturers to study the problem of concentrating desalting plant
effluents to solids. Each proposed their best solution to the pro-
blem with an estimate of capital and water. costs. The range of esti-
mated costs was extremely wide. Four different types (representatives
of about 70 percent of all inland brackish waters) of waters had been
considered in the studies, and much of the differences could be attri-
buted to the fact that some waters are more difficult to concentrate
than others. But, even for the same water type, the range was wide.
Part of the spread, of course, could be attributed to real differ-
ence in the processes, but unfortunately, these differences were magni-
fied by different assumptions used by the manufacturers. Subsequent-
ly, Fluor Corporation was requested to put all of these studies on

the same basis, so that the real differences could be analyzed. Dur-
ing this study [4], it became apparent that two basic flow sheets
emerged, one for low boiling point rise (BPR) waters, and one for high
BPR waters. Both flow sheets utilized multiple effect evaporators

to perform the initial concentration. The final step was different

in that crystallizers were used for low BPR waters, and fluidized bed
dryers for high BPR waters. But more importantly, it became apparent
that both processes were quite costly. A better process was needed.

The Yuma Desalting Plant - 91 Percent Recovery

Subsequently, OSW called upon us to prepare a budgeting cost esti-
mate [5] for a 200 MGD, 91 percent recovery plant operating on the
Wellton-Mohawk Drain (now known as the 100 MGD Yuma Desalting Plant).
The method selected to achieve 91 percent recovery was to use ion-
exchange for partial calcium removal between stages in a three-stage
reverse osmosis plant. This method was chosen because it was believed
to be technically feasible and could be designed and estimated in

the four-weeks time available to prepare the estimate. As far as we
know, no one associated with the project thought this method to be
optimum or even desirable, but it did allow us to get a handle on the
costs. The costs were excessively high, especially the incremental
cost of the extra water produced above 70 percent recovery. After
the project was completed and more time was available, we began to
search for a better way to reach 91 percent recovery.

One of the best ideas to come out of the brine disposal studies (see
above) was that of using seeding techniques as a means of preventing
scaling. It occurred to us that a better approach to the problem of
91 percent recovery would be to use reverse osmosis to achieve the
percent recovery allowed by the calcium sulfate, say 70 percent, and
an evaporator with calcium sulfate seeding to control scaling at the
desired total recovery. Steam turbines could be used to drive the
high-pressure reverse osmosis feed pumps, and the exhaust steam could
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be used in the evaporator. A quick look at the economics of this com-

bination showed great improvement over the reverse osmosis-ion ex-

change combination but the incremental cost of the water between 70 ‘
and 91 percent recovery was still too high to be attractive in that

situation.

The RCC Process

By about this time Resources Conservation Company (RCC) had developed
an advanced process which not only took advantage of seeding techni-
ques to control scaling, but vapor compression to save energy. Since
the RCC process was developed to concentrate waste streams, rather
than produce fresh water from saline water (fresh water is a by-pro-
duct), this is an excellent example of two concepts that were origi-
nally developed for saline water conversion being applied to water
reuse by industry. RCC summarized the needs of the electric utility
industry in their report [6] entitled "Brine Concentrators Providing
Zero Liquid Discharge". They state that "Blowdowns and wastes may
include cooling tower blowdown, demineralizer waste, boiler blowdown,
boiler cleaning waste, scrubber waste and ash sluice waters".

Freezing Processes - The Low Cost Concentrators of the Future

At that time, many of those interested in desalting held the view that
freezing processes had either been abandoned or at least put on the
back burner because of inability to wash the ice.

Then OSW announced a Freezing Symposium. We were among those who were
surprised and impressed by what we saw. Freezing processes were alive
and well, and making good progress. They could wash the ice after
all. As a matter of fact, we learned later that an impressive list
of demonstration plants had successfully washed ice on a continuous
basis. At this point it was apparent that the energy savings poten-
tial of freezing processes might actually be realized. Unfortunately,
not everyone interested in desalting attended the meeting or read the
paper. As a result, many people today still hold the opinion that

we did then.

Those taking the tour of AVCO Laboratories had an opportunity to see
many outstanding displays. The one which really triggered our in-
terest was the eutectic freezing process bench-scale demonstration
unit. Raw seawater was fed in and product water and wet salt came
out; no pretreatment was required. Such simplicity is highly appeal-
ing. After that symposium, we realized that the combination for high
concentration should be reverse osmosis-freezing rather than reverse
osmosis-evaporation. For a feed stream like that of the Yuma Desalt-
ing Plant, 96 percent overall recovery is equivalent to only about
two times concentrated seawater, quite a normal concentration for a
freezing process.

The RCC Process represented a significant advance. However, it ap-

peared that the freezing process could have still more favorable eco-

nomics, and lower energy requirements. A comparison of the flow sheets

and operating conditions would lead one to expect lower capital cost ‘
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for the eutectic freezing process. And, while vapor compression is

a great energy saver when compared to other distillation processes,
freezing should be still lower. These assumptions needed to be con-
firmed and quantified. We undertook such a study [7] for OWRT. The
principal conclusion drawn from this work was that once they have been
developed (this work is ongoing) and demonstrated, freezing processes
will be superior concentrators. Also, they will become more attrac-
tive from both the energy and concentration cost viewpoints as the
desired concentration of final effluent increases. This is particu-
larly evident when the desired final effluent is a solid. The freez-
ing process, when operated at its eutectic point (the so-called
"eutectic freezing process"), is the only process which can produce
fresh water and solid salt simultaneously.

The assumed feeds in this study were approximately the same as those
in the "Brine Disposal Methods" study mentioned above, except that
the original saline water plant from which they came was assumed to
be a reverse osmosis plant operating at near calcium sulfate satura-
tion, instead of a multistage flash plant. The study did not look
at the overall picture, however, but only at the concentrators. A
study which did look at the overall picture, and which was based on
actual conditions at an electric utility follows.

Alternate Methods of Cooling Tower Blowdown Concentration

In response to a request by the Water and Waste Equipment Manufactur-
ers Association we produced a paper [8] on alternate methods of
cooling tower blowdown concentration in which we examined the com-
parative economics and energy consumption of the various methods.

Cases Considered. The particular water systems selected for study
was the water system of the Huntington Station of Utah Power and Light
Company, as reported [6] by RCC. Figure 3 is a simplified version

of their water system diagram. 1In the original scheme, cooling tower
blowdown was to be evaporated in a waste pond, which also was to re-
ceive waste waters from a mixed bed condensate polisher, and from a
cold lime softener. 1Instead, a brine concentrator by RCC was in-
stalled to concentrate the cooling tower blowdown. The condensate
from the evaporator is used for the cooling tower and demineralizer
makeup. The waste from the RCC concentrator is dumped into the waste
pond, the size of which was only 11 acres compared to 530 acres which
would have been required by the original scheme.

Comparisons of the energy comsumption and costs were made for three
cases. In Case I, the RCC unit is replaced by an eutectic freezing
plant. The schematic of this arrangement is presented in Figure 4.

In the second scheme, described as Case II, the cooling tower blowdown
is first cold lime and soda ash treated to remove calcium hardness

so that higher recovery can be achieved in the reverse osmosis unit.
Product water recovered from the reverse osmosis unit is used as make-
up to the cooling tower. The reject stream of the reverse osmosis
unit is fed to a eutectic freezing plant. The product recovered from
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this plant is also used for cooling tower makeup. The final concen-
trate from the eutectic freezing plant is mixed with the underflow
from the chemical pretreatment unit, and is pumped to a pond or spray
dryer. The process schematic for this case is presented in Figure

5.

Alternatively, the cooling tower blowdown could be directly desalted
in a reverse osmosis unit, but at a lower recovery, due to higher hard-
ness in the cooling tower blowdown. The reject stream from the re-
verse osmosis unit could be further concentrated in a eutectic freez-
ing plant. The product from the reverse osmosis and the eutectic
freezing units are combined and used as cooling tower makeup. This
scheme is described as Case III. A schematic of this case is pre-
sented in Figure 6.

Basis of Comparison. Comparison of the energy comsumption, capital
costs, direct operating costs, and total costs of the RCC brine con-
centrator with the alternative processes identified as Cases I, II,
and III was carried out for both a low and a high final concentration.

The lower range of final concentration for comparison was selected

to be a brine containing 10 percent salts, including dissolved and
suspended solids, because it was the design concentration for the RCC
Brine concentrator at the Utah Power and Light Co. The higher concen-
tration was selected to be about 32 percent salts, which would be the
limit for the RCC brine concentrator because of MgSOy and Na;SOy pre-
sent in the cooling tower blowdown. At this.concentration, the ef-
fluent from the eutectic freezing plant in Cases I, II and III would
be around 60 percent solid hydrate crystals and 40 percent eutectic
brine. Since the hydrate salts in each case are stable up to 90°F,
the concentrate from the eutectic freezing plant would be 60 percent
solids, but only 32 percent salt, because of water in hydrate crys-
tals.

As described earlier, the flow to the RCC plant alone, and in Cases
I, IT and III would be 225,000 GPD (156 GPM) of cooling tower blow-
down at 3469 ppm TDS.

In Case II, the result of feed pretreatment is a reduction of TDS to
2949 ppm, and SiO; to about 30 ppm. This makes an 85 percent recovery
possible in the reverse osmosis unit. The reverse osmosis reject
stream would have 18,493 ppm TDS. The product from the reverse os-
mosis unit would be 127.5 GPM, and the feed to the two stage eutectic
plant would be only 22.5 GPM or 33,750 GPD.

In Case III, the reverse osmosis unit has a much lower recovery of
35 percent, which results in a reject stream TDS of 5145 ppm, at a
flow of 101 GPM or 146,000 GPD. This reject stream is fed to the
eutectic freezing plant.

Results. Estimates of capital cost, direct operating costs, and total
costs of concentrating the cooling tower blowdown are presented in
Figure 7. All energy consumption and costs are calculated per thou-
sand gallons of feed (which is the cooling tower blowdown). In Fig-
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ure 7, estimates were made only for the low and high concentrations.
The lines joining through two concentrations have been shown straight
in the absence of additional points.

The results indicate that at a final concentration of 10 percent salts
by weight, the energy consumption of the combination of processes in
Case II is lowest, being about 12.3 KW-Hr/1000 gallon compared to 70
KW-Hr/1000 gallons for the RCC brine concentrator. The energy con-
sumptions for Cases I and III at this final concentration were 32.7
and 30.0 KW-Hr/1000 gallons, respectively.

The direct operating costs, which include chemicals, were $0.71/1000
gallons, in Case II, compared to $1.75/1000 gallons for the RCC brine
concentrator. The direct operating costs for Cases I and III were
$0.89 and $0.86 per thousand gallons, respectively.

The energy consumption at a higher final concentration of 32 percent
was 14.60 KW-Hr/1000 gallons for Case II, compared to approximately
150 KW-Hr/1000 gallons for the RCC brine concentrator. The energy
consumption for Cases I and III were 35.5 and 32.2 KW-Hr/1000 gallons,
respectively. The direct operating costs for Case II would be
$0.77/1000 gallons compared to $3.75/1000 gallons for the RCC brine
concentrator. The direct operating costs for Cases I and III were
$0.96 and $0.92 per thousand gallons, respectively.

For either low or high final concentration, the installed cost of the
RCC brine concentrator on a prepared site would be of the same order
of magnitude as a eutectic freezing plant, around $1.4 million. The
cost of a combination chemical pretreatment plant, reverse osmosis
unit, and eutectic freezing plant (Case II process) would be approxi-
mately $654.000. Case III, which is a combination of eutectic freez-
ing and reverse osmosis without chemical pretreatment of the cooling
tower blowdown would cost approximately $1.2 million.

The overall or total cost, including direct operating cost, deprecia-
tion, and capital recovery of concentrating cooling tower blowdown
to 32 percent salts would be $1.80/1000 gallons for the combination
lime soda, reverse osmosis, and two-stage eutectic freezing processes
compared to $6.00 for the RCC brine concentrator. The overal costs
of alternative processes, Cases I and III, would be around $3.27 and
$3.01, respectively.

Of course, it would also be possible to use a combination of reverse
osmosis and an RCC concentrator with significantly better results than
using the RCC unit alone. So the fact that we compared the RCC Unit
alone with the combination reverse osmosis and the eutectic freezing
plant could be construed as comparing apples and oranges. However,
the intent was to compare present commercial practice with where we
could be. If we had had sufficient data and time, we could have cal-
culated and presented the case reverse osmosis and RCC. We did not.
However, we believe that the costs and power consumption would have
been higher for this combination than for reverse osmosis and the
eutectic freezing plant based on our direct comparisons of RCC with
the eutectic freezing plant. These cases are more like "apples and
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apples". Power consumption is estimated at 150 KWH/KGal for the RCC
unit and 35.5 KWH/KGal for the freezing case.

Other Examples

When one considers the number of industries that use cooling towers,
it becomes clear that the above example of industrial use of desalting
technologies is of extremely widespread application. Obviously, this
can be easily extended to any industry that has boiler blowdown, de-
mineralizer waste or any of the other waste streams mentioned under
the paragraph "The RCC Process" above. To these can be added the fol-
lowing other specific examples of industrial use of desalting tech-
nologies that are either in operation or planned:

o Concentration of acid mine water

o Preliminary demineralization by reverse osmosis prior to ion-
exchange demineralization

o Recovery of high quality water and valuable components from
metal finishing photographic electroplating, cheese whey pro-
cessing, petrochemical, pulp and paper, and textile indus-
tries.

ENERGY SOURCES

The desalting processes do not know or care where the energy comes

from as long as there is enough of the correct quality. One could
further develop the concept of using wind power (windmills) to generate
electricity. At the same time he could do further development work

on reverse osmosis or electrodialysis. But since the motors or cells

do not know where the electricity is coming from, these must be regarded
as two completely independent development projects that are carried

out simultaneously. A similar case would be the simultaneous demon-
stration of gas from coal and a new distillation process.

On the other hand, a good case can be made for the fact that a dual
purpose power-distilled water plant can be more economical than two
single purpose plants. Development and demonstration of improvements
in the connecting links between these two units can be justified.

Location is another important factor. Some processes can be run on
either heat or electricity. Steam turbines can drive pumps for re-
verse osmosis or vapor compressors. Selection will depend on rela-
tive costs for different types of energy at each location.

Some thought is being given to simultaneous solutions to independent
problems. For example, one area that has a sewage disposal problem,
and a water shortage is considering using sewer gas and ultimately
sewage as fuel for a distillation plant.

Another unique energy source can result from combining a ligquified
natural gas (LNG) vaporizer with a freezing process desalting plant.
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Such a plant would require virtually no power for the process except
that which is required to bring the seawater into the plant, and re-
move the brine and product water. One could suggest other uses for
the "cold", but, at least at some locations, alternative uses are
either economically or environmentally unacceptable [9].

CONCLUSION

Desalting technologies will find ever-widening application in the
solution of industry's waste-stream problems of today and tomorrow.

NOMENCLATURE

As frequently happens in a relatively new discipline, no uniform system
of nomenclature has been established for the subject matter of this
paper. The author would like to emphasize two of the more important
differences:

"Reuse"

As herein used, the term "water reuse" means water that has been
impaired within a certain facility, and is then reused at some point
within that facility. In some instances, it will be possible to "reuse"
this water in a place in the facility where the quality requirements
are such that desalting of the impaired stream is not required. In
other cases, desalting will be required. What we refer to here as
"reuse" is referred to by others as "recycle".

"Waste Water Clean-up"

As herein used, the term "waste water clean-up" means the final clean-
up of a stream before it is discharged. Desalting may or may not be
required, depending on its salt content. Others refer to such a stream
as "reuse" on the basis that it will be "reused" by others.
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SOLERAS SOLAR ENERGY WATER DESALINATION PROJECT

W. Luft and M. Al-Nemer
SERI
1617 Cole Blvd.
Golden, Colorado 80401

Introduction

In October 1977 Saudi Arabia and the United States signed a Project
Agreement for Cooperation in the Field of Solar Energy (SOLERAS)

under the auspices of the United States-Saudi Arabian Joint Commission
on Economic Cooperation. The objectives of the agreement are:

0 to cooperate in the field of solar energy technology for the
mutual benefit of the two countries, including the develop-
ment and stimulation of sofar industries within the two
countries,

o to advance the development of solar energy technology in the
two countries, and

o to facilitate the transfer between the two countries of
technology developed under this agreement.

The Solar Energy Research Institute (SERI), as the Operating Agent is
responsible for implementing SOLERAS in accordance with directives of
the SOLERAS Executive Board.

A five-year technical program plan for SOLERAS has been approved by
the Executive Board. As part of this technical program plan, an
area of Industrial Solar Applications for solar technology has been
identified. The objectives of the Industrial Solar Applications
program area are to introduce solar energy technologies into
industrial applications and to foster the establishment of domestic
industries using renewable energy sources, thereby lessening
industrial dependence on fossil fuels and minimizing deleterious
effects on the environment. A specific objective is to demonstrate
the utilization of solar energy to desalinate water.

There is a need for water desalination both in Saudi Arabia and in

the United States. In Saudi-‘Arabia water is needed principally for
municipal and agricultural applications. In the United States

179



desalination is mainly required to control river salinity and to
provide potable water to selected communities that have critical
water quality problems or that have water shortages.

Conventionally powered desalting plants have been in operation for
several years. At the beginning of 1977, about 1500 land-based,
fossil fuel or electric powered, desalting plants with a minimum
capacity of 100 m3 per day were in operation or under construction
throughout the world. These plants are capable of producing nearly
four million cubic meters of fresh water daily for municipal or
industrial uses. Distillation processes account for 77 percent of
total plant capacity. The balance is almost entirely in membrane
processes.

In 1977, Saudi Arabia had a conventional desalination plant capacity
of 87,000 m3/day. Projects are underway for plants to be con-
structed during the next 5 years with a total capacity of 1.36
million m3/day of desalted water. Most of these plants are located
along the Arabian Gulf and the Red Sea coast.

In the United States at the beginning of 1977, 510 conventional
desalination plants provided about 0.4 million m3/day of fresh water.

Despite this widespread desalination activity, no significant efforts
have been made to replace the conventional power plants associated
with desalination of water with solar energy systems. Most solar
desalination work in the world has been restricted to simple solar
stills of 1imited output.

The SOLERAS Solar Energy Water Desalination Project has been con-
ceived in order to advance the technical and economic feasibility
of large scale solar powered desalination of brackish and seawater.

Because of differences between seawater and brackish water desalting,
two distinct systems will be developed under this project. It is
expected that both systems will find applications, both in the United
States and in Saudi Arabia.

To accomplish the objective of the SOLERAS solar energy water
desalination project, a 3-phase activity is planned. The phases are
as follows:

Phase 1: Preliminary System Design and Cost Analysis
Phase 2: Detailed Pilot Plant Design and Construction
Phase 3: Pilot Plant Operation and Training of Personnel

Phase 1: System analyses and economic analyses will be performed
by several companies on a solar energy desalination system of their
choice for either sea water or brackish water desalination. The
systems will each be for an average daily product water capacity of
6000 m3. The main criterion for the analysis will be the product
water cost. Each system will be designed for a specific site and
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application. The site, application, and technqlogy will have broad
applicability to general water desalination needs in either the
United States or Saudi Arabia. It is the intent of this project to
encourage innovation without unduly affecting performance and
reliability. Subsystems and their interfaces will be defined during
Phase 1 and product-water cost projections will be made for com-
mercial plants of a range of capacities.

Finally, a development plan for Phase 2 will be generated including
detailed cost estimates for the de51gn and construction of a pilot
plant with a capacity of 100 to 400 m 3/day using the technology of the
baseline system.

Phase 2: Of the several systems designed in Phase 1, one system in
each category (brackish and seawater desalination) will be chosen
for pilot plant construction. The criteria for selection will
include levelized cost per unit of product water for the commercial
sized plant, design and construction cost for the pilot plant,
consistency in cost between the commercial sized plant and the pilot
plant, maturity of system design and projected plant reliability.
Each gi]ot plant will have a product-water output capacity of 100 to
400 m°/day. The pilot plants will be designed in detail and con-
structed on specific sites.

The size of the pilot plant was selected to be within the budget
limitations of the SOLERAS program and is of a capacity that provides
useful technical and economic data for the planning, design, and
construct&on of a commercially-sized plant. A pilot plant deliver-
ing 40Q m°/day of desalted water would provide wateE to 2,000 people
or could provide irrigation water for about 8,000 m¢ of greenhouse
agriculture. If the ratio of the ultimate plant capacity to the
pilot plant capacity becomes too great, less useful technical and
economic information for application to the full scale plant can be
extracted from the pilot plant construction and operation.

Phase 3: The pilot plants will be operated and performance measure-
ments made to provide the information essential for designing com-
mercial-sized desalting plants. Local personnel will be trained in
the operation and maintenance of the plant so they can make per-
formance measurements.

The schedule for Phase 1 is from October 1980 to July 1981. Phase 2
is expected to start in October 1981 with the pilot plant construc-
tion completed by July 1983. Phase 3 will start at the completion of
Phase 2 and will continue until the end of 1983.

Five companies have been awarded contracts for Phase 1. These
companies and their team members are shown in Table 1. The tech-
nologies involved in the five systems represent six different
desalination technologies (seawater and brackish water reverse
osmosis are regarded as two different processes, and five different
solar energy technologies. Two of the systems are for brackish
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water to be located in the United States, and three of the systems
are for seawater to be located on the Red Sea coast in Saudi Arabia.

During the Phase 1, particular attention will be directed to defining
the systems in detail and to generating cost estimates for the com-
mercial size plant providing 1.8 million cubic meters per year. All
cost estimations will be made to a common methodology to assure that
the resulting levelized cost projections will be comparable. Of
course, there are some differences in the systems between the
brackish water systems and seawater desalination systems that make
cost comparisons difficult. However, within each type of plant
(brackish water and seawater plants) the costs should be comparable.
To determine the sensitivity of the levelized product water cost to
plant capacity, cost analysis will be performed for plant capacities
ranging from 1,000 to 10,000 cubic meter per day of desalted water.
These cost analyses will be made both for plants constructed in the
United States and in Saudi Arabia. In addition to the cost estimate
for the commercial-sized plants, preliminary designs of smaller pilot
plants will be made. The pilot plants are expected to be in the
capacity range of 100 to 400 cubic meter per day.

The results from Phase 1 will be analyzed for selection of contractors

and systems for the Phase 2 activities, namely, the detail design and

construction of pilot plants. The criteria that will be used in
making that selection are:

o Projected levelized product water cost from a commercial
size plant.

o Design and construction cost of a pilot plant.

o Consistency in cost between the commercial size plant and the
pilot plant.

o The completeness of the Phase 2 implementation plan.
0 Maturity of system design and pilot plant reliability.
o Contractor experience and capabilities for plant construction.

o Ability of the system to meet the system requirement
imposed.
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Table 1. CONTRACTORS FOR PHASE 1

Prime
Contractor

Team Members

Boeing Engineering
& Construction Co.

Catalytic, Inc.
Chicago Bridge &
Iron Co.

DHR, Inc.

Exxon Research
& Engineering Co.

Resources Conservation Co. International

Science Applications, Inc.

Foster-Miller Associates Inc.
Arabian Chicago Bridge &
Iron Co.

Science Applications, Inc.
Ionics, Inc.

~ Al-Radwan

Permutit Co., Inc.

Martin-Marietta

Badger Energy, Inc.

Saudi Investment Development Center
Ecodyne-Unitec Div.
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SYSTEM DESIGN FOR A COMMERCIAL
SOLAR BRAYTON CYCLE CENTRAL RECEIVER
WATER DESALINATION PLANT

J.H. Laakso and D.K. Zimmerman
Boeing Engineering and Construction
P.0. Box 3707
Seattle, WA 98124

ABSTRACT

The system design for a future commercial solar energy brackish
water desalination plant is described. Key features of the plant
are discussed along with its configuration selection rationale,
design objectives, operation, and performance.

The water treatment technology used in the plant is ion exchange
pretreatment and single stage reverse osmosis desalination
utilizing high-flux membranes. Electrical power needed for plant
operation is provided by a solar energy system which is based on
the Brayton cycle having air as the working fluid. Primary solar
system components are: heliostat field, central cavity-tube
receiver, receiver support tower, thermal energy storage, and a
commercial gas turbine generator set. The thermal energy storage
subsystem is of the sensible heat brick type and provides a
capability for continuous day/night power generation during most
weather conditions.

This system design was selected in a study of various system
alternatives and their 1ife cycle product water costs for a
representative site in western Texas.

INTRODUCTION

Boeing Engineering and Construction (BEC) has been awarded a
contract by the Solar Energy Research Institute (SERI) to prepare a
design for a solar energy water desalination system that would
transform brackish well water into potable water for a community in
southwest Texas. BEC is performing overall project management,
system engineering and solar subsystem design; Resources
Conservation Company, a partly-owned subsidiary of BEC, is
providing designs for the water-related subsystem.

The 10 month contract which began in October, 1980 covers Phase 1
of a 3-phase program that is (1) sponsored jointly by the
governments of Saudi Arabia and the United States as part of the
SOLERAS agreement and (2) administered by the Solar Energy Research
Institute (SERI) to advance the development of solar energy
technology in the two countries. Phase 2 will involve construction
of a pilot plant and Phase 3 will cover pilot plant operation and
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training of personnel. Operation of the pilot plant will provide ‘
verification of the design features and performance of the
large-scale commercial plant.

This paper reports work done early in Phase 1 under Task 3, System
Analysis, dealing with selection of a system configuration for a
commercial SOLERAS solar energy water desalination plant. The
objectives of the configuration selection study were to define a
system that has near-term practicability, operational flexibility,
and overall system simplicity.

GENERAL SYSTEM CONCEPT

The system design is based on Brayton cycle solar power generation
and reverse osmosis water desalination. All electrical power
needed for normal plant operation is provided by a Brayton cycle
engine (gas turbine) having compressed air as a working fluid.
Primary solar system components are: heliostat field, central
cavity tube heat exchanger receiver, receiver support tower,
thermal energy storage and a commercial gas turbine generator set.
Most of these components utilize technology being developed in
separate U.S. Department of Energy and Electric Power Research
Institute projects. A simplified schematic is shown in Figure 1.

Sun Central
Receiver

Feedwater

Heliostat Field Storage
- Well i
Booster v Feedwater Reverse Osmosis Product
) Compressor Pretreatment [™|Desalination [™] Water
r Subsystem Subsystem Storage
Thermal ’ * I 1
- Storage > '
umtsg r N Jd ‘ To Water
! { Treatment
P l Waste Bri Plant
Back-Up Power rine
> > Load Control
Fuel Combustor Y - Centev: E;:goution
Commercial Gas Turbine _}
Compressor Turbine Electrical
Stage Stage Generator
Inlet Air Exhaust

Figure 1 General System Schematic
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Air is used as a solar system working fluid in order to (1)
simplify design of the receiver, thermal storage units, fluid lines
and interfaces (no corrosion, low cost, etc.), (2) allow use of
commercial turbomachinery, and (3) simplify interfacing of these
components because of the common working fluid. Also with this
type of system, fossil fuel can be burned in a modified turbine
combustor to provide emergency standby power at low additional
system cost.

An important operational aspect of the system is that the water
subsystems should be run as continuously as possible to minimize
product water cost. This, combined with a SERI requirement that
normal operation shall not use fossil fuel, suggests that some form
of thermal energy storage be used to accomplish continuous
day/night power generation. For thermal storage, we have selected
simple sensible heat units having pressure shell/insulated brick
checkerwork construction (a storage scheme that is very compatible
with the air Brayton cycle). With this type of energy storage,
charging is accomplished by routing heated air from the receiver to
the thermal storage units during daytime conditions. When the
solar resource becomes inadequate, the compressor flow is diverted
away from the receiver and is routed through the thermal storage
units where it is heated to the required turbine inlet

temperature.

Reverse osmosis is selected as the basic water desalination method.
Compared to other desalination technologies, the reverse osmosis
process has low power demand which minimizes the solar subsystems
size and costs. Also the reverse osmosis process has a simple
electrical interface with the solar side of the system.

Based on this general system concept, several system variations
(a1l using reverse osmosis) having different water recovery ratio
and solar subsystem sizes were defined. These candidate systems,
as discussed in the following sections, were evaluated in terms of
levelized product water cost and other factors to arrive at a final
commercial SOLERAS plant selection.

SYSTEM REQUIREMENTS

The general system requirements that govern the system design are
listed below [1,2]:

Brackish water desalination based on
SERI's_before/after chemistry standards
1,800,000 m3/year product water production rate
Minimum levelized product water cost
using SERI economic parameters
20 year plant life
High reliability/maintainability
Independent from fossil fuel in normal operations
Technical readiness
Low risk

187



Minimum overall water recovery factor: 0.70
Minimum plant availability factor: 0.82
Feedwater storage: 3 days

Product water storage: 10 days

Fuel storage for backup power: 7 days
Minimum process chemical storage: 30 days
Design life: 20 years

Zero leakage evaporation pond

In addition to these requirements, the system is designed to meet
several other conditions. First, water production is based on
electrical power generation capability. This condition offers
independence from having to design the system to meet unusual
local water demand profiles and allows easier assessment of plant
performance in various locations.

The plant is designed for a location in the Midland-Odessa area of
West Texas. SOLMET and 30 year average weather data is available
for Midland-Odessa and is suitable for plant design and performance
analysis. This region has good solar insolation and has wide
spread water quality problems and thus could benefit from
commercial availability of solar water desalination plants.

Several conditions were specified that influence product water
cost. Feedwater is assumed to be groundwater and is pumped to the
plant at no cost. After desalination, the consumers will draw
product water from plant storage for purification in their own
treatment facilities. Finally, the plant is assumed to be the
"Nth" constructed which implies initial design and development
costs have already been amortized.

CANDIDATE SYSTEM CONCEPTS

Four candidate system concepts were defined that all employ reverse
osmosis (R0) desalination technology and satisfy the requirements
of product water production rate and before/after water chemistry.
These candidate systems, shown in Figure 2, differ in (1) the
method of feedwater pretreatment, (2) number of reverse osmosis
stages, (3) use of standard flux vs. high flux reverse osmosis
membranes, and (4) use of multiple effect vapor compression for
increased water recovery. The systems consequently have varying
water recovery ratios, electrical power demands, and water
subsystem costs.
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Figure 2 Candidate Water Subsystems

Configuration I (2 stage reverse osmosis with 1ime-soda
pretreatment) served as a baseline configuration in a preliminary
systems analysis study that defined sizes of the primary solar
subsystem components. This baseline system was analyzed for
performance on a seasonal basis using 30 year averaged weather data
for Midland-Odessa, Texas [3]. The DELSOL code [4] was used to
design the heliostat field and predict seasonal energy inputs to
the central receiver. A general plant performance computer model
was used to predict daily electrical power production of this
design on an hourly basis.

Table I lists the predicted seasonal electrical output for the
baseline system. this performance, together with sun availability
(weather factor) and a conservative assumption for plant
availability, forms a basis for defining the peak water production
dgsign point for the water subsystems. The peak rate of 10106
m°/year was used to size the water related components of each
candidate system.
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Table I Daily Design Water Production Rate .

March June Sept Dec Average
Net plant electrical output (MWg-hr) 22.2 18.3 17.9 15.4 18.45
Clear day plant performance
Baseline system
Relative electrical output E 1.21 0.99 0.97 0.83
Sun availability S 0.72 0.80 0.79 0.74
Plant availability A 0.82
Annual water production rate (m3/day) Vo 4945
Required daily production (m3/day)
Vo(E)/(AS) _1_0126= 7472 7400 6796
Basic assumption: gg::gn
Water-production follows daily energy Flow
production in each season

After establishing pump and plant parasitic power requirements for
each system, the respective solar system components could then be
sized. Also, evaporation pond sizes were determined for each
system based on their respective water recovery ratios and a mean
pond evaporation rate of 1.35 m /year. A summary of the candidate
system size parameters appears in the following table.

Table II  Candidate System Features

Water Peak Power Demand ghermal
Evaporation kiWe Number torage
Recovery  “ping size : Turbine of Media
Ratio Ha Water Total Heliostat Mass
b3 Systems Plant 69
I 2-Stage RO .with lime-soda 90 13.3 724 1034 Simple Cycle 600 2.5
’ Centaur
pretreatment
I1  Single stage RO with WAC 72 51.9 512 731 Simg;temg%cle 436 1.68
ion exchange
111 . Single stage RO with WAC 76.5 41.0 607 867 Cocgbi?ed 436 1.68
< cle
and NaZ ion exchange Sa{urn
IV RO + vapor compression 86.3 21.2 1459 2083 Co?bi?ed 600 2.5
with WAC ion exchange Cez‘t:azr
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A survey of commercial gas turbines indicated the Saturn and
Centaur turbines, produced by Solar Turbines International, are a
good match to the candidate systems. These turbines are currently
available, are in widespread use, and have sufficiently high
pressure ratios (of importance to receiver design). To meet the
higher power demands, the turbines for systems III and IV require
combined cycle equipment in which the gas turbine reject heat is
used to produce steam for a turbine-generator set. The combined
cycle turbines, since they utilize reject heat, do not require
larger heliostat fields or more massive thermal storage than their
respective simple cycle systems.

Costs for the candidate systems are listed in Table III. These
costs are engineering estimates for an "Nth" plant. Major
equipment costs are based on information obtained from suppliers
and cost estimates prepared for a recent Department of Energy
project for industrial process heat involving similar heliostat
field and central receiver concept[5]. Since the plant is not
near-term, the heliostat status costs are assumed to be $200/m? for
system comparison purposes. Water subsystem costs are based on
information from suppliers obtained by RCC for prepackaged
skid-mounted assemblies. A sizeable portion of the operation and
maintenance costs are due to plant personnel (14 total) and costs
related to the water subsystems (reverse osmosis membrane

replacement).

Table III Cost Model Data for Candidate Systems
_ IV RO & Vapor
Cost Account I fs§883§ RO IT 1-Stage RO III 1-Stage RO Compression

5101 Site 184 220 220 184

5102 Facilities & Enclosures 400 416 450 400

5103 Salar Energy Collection ' 6,828 5140 5,140 6,828

5104 Energy Storage 2,900 210 2,050 2,900

5105 Energy Delivery 1,528 600 900 2,528

5106 Back-Up Power 134 95 100 175

5107 Feedwater Pretreatment 6,570 1,600 600 1,600

5108 Desalination 9,550 3,240 3,000 15,740

5109 Mater Storage & Delivery 2,600 2,600 2,600 2,600

S110  Waste Disposal 3,483 13,000 10,240 5,300
5111  Controls & Instrumentation

Solar Subsytems 350 343 410 350

Water Subsytems 350 296 400 450

5112 Data Acquisition 150 150 150 150

5120 Maintenance Support 50 50 50 50

5130 Technical Data 20 ) 20 i 20 20

Total Capital Costs 35,274 29,870 26,159 39,334

Annual Operating Costs 1,070 563 670 960

Annual Maintenance Costs - 815 351 387 635

Annual Back-Up Fuel Costs

25
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SYSTEM EVALUATIONS
In evaluating the candidate systems, four areas were considered:

Levelized (1ife cycle) product water costs
Technology readiness

Complexity

Application limitations

Implementation risks

Product water cost is a dominant evaluation factor and could be
treated quantitively. The other areas are of a qualitive nature
but are never-the-less important to system evaluation and
selection.

The levelized product water costs for 1.8 million m3 annual
production were computed by the method for sum-of-the-years-digits
depreciation given in reference [6] using economic parameters
specified by SERI [1]. The primary parameters are:

System operating lifetime 20 years
Accounting lifetime 16 years
Cost of capital (and rate of return 0.086

on capital)
Base year for constant dollars 1980
Price year for cost information 1980
First year of commercial operation 1983
Rate of general inflation 0.060
Escalation rate for capital costs 0.060
Escalation rate for operating costs 0.070
Escalation rate for maintenace costs 0.070
Escalation rate for fuel costs 15%
Insurance + "other tax" fraction 0.020
Investment tax credit 0.100
Tax rate 0.5
Raw land cost $1.25/m
Cost for lined evaporation_ponds $25/
Cost for fuel oil (31 GJ/m3) $157/m3

The resulting computed cost parameters that were used to calculate
levelized product water costs are:

Capital recovery factor (8.6%, 20yrs) 0.1064

Present value of sum-of-the-years- 0.6376
digits depreciation

Fixed charge rate 0.1437

It should be noted that the study ground rules presented by SERI
were chosen to enable comparison of widely varying system concepts.
Consequently, the levelized product water costs may not represent
actual realizable values, but are useful for evaluating the

candidate systems.
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Table IV presents levelized product water costs for the candidate
systems using the respective system cost data given in the previous
table. Systems II and III, while having lower water recovery
ratios, have levelized product water costs that are relatively low
and comparable. System III has a slightly lower product water cost
than System II primarily because of the evaporation pond size
reduction allowed by the higher water recovery ratio. Systems I
and IV have significantly higher product water costs due to higher
capital, operation and maintenance costs; these higher costs are
not offset by the associated higher water recovery ratios.

Table IV Product Water Cost Comparisons

Overall Costs

R e:::::y Annual Annual Le;:u:‘ed
Ratio Capital Operating Maintenance Cost
b ™ ™ M $/m3
1 Two Stage RO
Lime soda pretreatment 90 35.3 1.07 0.82 4.86
Std. membranes
Simple cycle Centaur
Il  Single Stage RO 12 29.9 0.56 0.35 3.39
WAC lon exchange pretreatment
High flux membrane
Simple cycle Saturn
111 Single Stage RO 76.5 26.2 0.64 0.39 3.22
WAC + Nal ion exchange
High flux membrane
Combined cycle Saturn
IV RO + Vapor Compression 86.3 39.3 0.96 0.64 4.95

WAC ion exchange
High flux membrane
Combined cycle Centaur

In the area of technology readiness, Table V, the water subsystems
are all state-of-the-art and commercially available. On the solar
system side, development is required for a production receiver
design. The Electric Power Research Institute is currently funding
BEC in a project called the Full System Experiment; this project is
providing technical background in the areas of receiver design,
receiver-turbine integration, and operation and control of a hybrid
solar/fossil fuel central receiver as a power generation system.
Heliostats are in an advanced stage of development at BEC as part
of the Department of Energy's Second Generation Heliostat program.
The turbomachinery components are currently available except for
the combined cycle Saturn turbine configuration which requires
development. From an overall viewpoint, all of the candidate solar
systems require design development of a similar nature prior to
commercialization.
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Table V Technology Readiness Evaluations ‘

Candidate
1 2-Stage RO with lime-soda pretreatment. S.0.A. water systems-standard membranes.
Simple cycle Centaur. Simple cycle Centaur is available.
I1 Singe stage RO with WAC ion exchange. S.0.A. water systems-high flux membranes
Simple cycle Saturn. are now in service. Simple cycle Saturn

is readily available.

II1  Single stage RO with WAC + NaZ ion exchange. S.0.A. water systems-high flux membranes are

Combined cycle Saturn- now in service., Combined cycle Saturn needs
' development.

v RO + vapor compression with WAC ion S.0.A. water systems-high flux membranes are
exchange. now in service. Combined cycle Centaur 'is
Combined cycle Centaur. available.

General All systems require similar solar subsystem

design development.

Our assessment of candidate systems with respect to complexity,
which relates to reliability, appears in Table VI. System II is
the simplest system because of operational ease and flexibility,
simple cycle power generation, and small energy collection
subsystem size.

Table VI Complexity Evaluations

Candidate

1 2-Stage RO
Lime-soda pretreatment Lime-soda process requires close control

Simple cycle Centaur

Il Single Stage RO Simple on/off water systems
WAC ion exchange - Minimal chemical controls smallest power demand
Simple cycle Saturn - Smallest and simplest solar subsystems

II1 Single Stage RO
WAC and NaZ ion exchange ) - Requires more controls than above
Combned cycle Saturn - Increased complexity with combined cycle

IV RO and vapor compression Highest water system complexity due to V.C.
WAC ion exchange - Difficult to turn on/off
Combined cycle Centaur ~ Complex combined cycle power generation
- Largest solar subsystems
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As indicated in Table VII, there are no significant limitations on

‘ locations for the candidate systems. Of course, the systems do
have site Timitations common to many other solar energy
applications: high quality solar insolation is needed! System IV,
because of its combined cycle power generation and vapor
compression features (not a simple on/off system) is judged to be
unsuitable for remote sites.

Table VII Application Limitation Evaluations
Candidate
I 2-Stage RO

Lime-soda pretreatment - Can treat wide range of feedwaters
Simple cycle Centaur

11 Single Stage RO - Requires certain concentration of ions in
WAC ion exchange feedwater
Simple cycle Saturn - Opportunity for continued cycle power generation

- Requires largest pond

II1 Single Stage RO - Requires certain concentration of ions in
WAC and Nal ion exchange feedwater
Combined cycle Saturn

IV RO and vapor compression - Can treat wide range of feedwaters
WAC ion exchange - Requires skilled operators
Combined cycle Centaur

Table VIII Risk Evaluations
Candidate

I 2-Stage RO

Widely used processes

Lime-soda pretreatment - Lime-soda process not normally used in
Simple cycle Centaur intermittent operations
Il Single Stage RO - New applications of WAC ion exchange and
WAC ion exchange high flux RO, but suppliers will guarantee
Simple cycle Saturn - Small solar system, si1ze lessens development
risk

111 Single Stage RO New application of WAC and NA" fon exchange,
WAC and NaZ ion exchange but suppliers will guarantee
Combined cycle Saturn - Combined cycle Saturn needs development

IV RO and vapor compression

New application of WAC ion exchange, but
WAC ion exchange suppliers will guarantee
Combined cycle Centaur - Vapor compression not normally used in
on/off operation
General - Solar receiver technology under development
in separate programs
‘ - Heliostat costs dependent on developing market
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The candidate systems having varying implementation risks as shown
in Table VIII. System II, because it has the simplest solar
subsystems, appears to have the least risk for successful
implementation and operation.

SYSTEM SELECTION

The preceding evaluations are summarized in Table IX. Based on
these evaluations, overall ratings were determined that rank the
candidate systems according to resonsiveness to the system
requirements specified by SERI. The resulting ratings indicate
that System II, single stage reverse osmosis with weak acid cation
exchange, is the preferred system concept. System II was selected
for the on-going Task 3 project activities consisting of additional
system design definition, operating availability analysis, plant
performance analysis and cost analysis of the selected commercial
plant concept.

Table IX System Concept Evaluation Summary

L;ve\ ized Overall
: roduct Technology Application Risk Selection
Candidate Water Readiness  CO™I1eXILY |lnitiations  Factors  Rating Based
Cos on SOLERAS
$/m Requirements
1 2-Stage RO 4.86 High Low Minimal Low 3
Lime-soda pretreatment
Simple cycle Centaur
Il Single Stage RO 3.39 High Low Minimal Low 1
i n {except
WAC ion exchange for large
Simple cycle Saturn evaporation
pond)
111 Single Stage RO 3.22 Low Medium Minimal Medium 2

WAC and NaZ ion exchange
Combined cycle Saturn

I¥ RO and vapor compression 4.95 Low High Some High 4
WAC ion exchange
Combined cycle Centaur

CONCLUSIONS

As a result of the subsystem trade-off study, a system
configuration was selected that meets the SOLERAS project
requirements for a commercial solar energy water desalination
plant. The configuration consists of a heliostat/central receiver
energy collection subsystem, air Brayton cycle power generation
subsystem, sensible heat thermal energy storage, weak acid cation
feedwater pretreatment, single stage reverse osmosis water
desalination, and other subsystems. A preliminary systems analysis
of the plant indirectly it has the potential to desalinate water
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with attractive levelized product water cost and would have the
simplicity and operational flexibility needed for isolated
applications. The plant's economics are enhanced by the simple
system configuration and capability for continuous day/night
operations during normal weather conditions without using fossil
fuel. The selected configuration has a low power requirement and
thus allows continuous operation using sensible heat thermal energy
storage of reasonable size. '
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ABSTRACT

Under contract to the Solar Energy Research Institute (SERI),
Catalytic Inc. with Scientific Applications, Inc. have engineered a
design for a solar powered, brackish water, desalination facility.
The design contract is part of the SOLERAS program, a joint United
States/Saudi Arabian effort to further the development of solar
technology. Brownsville, Texas was selected as the site for appli-
cation of this design concept. The site is typical of many areas in
the southwest United States and the Kingdom of Saudi Arabia.

The system concept combines advanced solar energy systems and reverse
osmosis membrane desalination systems. An average daily water pro-
duction of 6000 m3/day is obtained from a brackish water with a qual-
ity of 6000 ™&/1 total dissolved solids (TDS). A product water
quality of 500 ®8/1 TDS is obtained from a two stage reverse osmosis
membrane system operating at 90% product water recovery, Feedwater
pretreatment requirements include: lime softening, filtration, and
ion exchange softening. Brine from the membrane units is disposed
through solar evaporation ponds.

The electric power required to operate the desalination system is
generated by the solar system. Point focus, high temperature collec-
tors combine with parabolic trough, medium temperature collectors to
provide thermal energy to a steam turbine generator. The power supply
is complemented by a wind energy conversion system. The solar energy
system has been designed for a solar fraction of 1:0.

INTRODUCTION

Saudi Arabia and the United States have signed a project agreement
for cooperation in the field of Solar Energy (SOLERAS) under the
auspices of the United States-Saudi Arabian Joint Commission on
Economic Cooperation. The objectives of the agreement are:

o to cooperate in the field of solar energy technology for
the mutual benefit of the two countries, including the
development and stimulation of solar industries within
the two countries,

o} to advance the development of solar energy technology in
the two countries, and

o to facilitate the transfer between the two countries of
technology developed under this agreement.
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The Solar Energy Research Institute (SERI), as the Operating Agent,
is responsible for implementing SOLERAS in accordance with directives
of the SOLERAS Executive Board.

A five-year technical program plan for SOLERAS has been approved by
the Executive Board. As a part of this technical program plan, an
area of Industrial Solar Applications for solar technology has been
identified. The objectives of the Industrial Solar Applications pro-
gram are to introduce solar energy technologies into industrial app-
lications and to foster establishment of domestic industries using
renewable energy sources, thereby lessening industrial dependence on
fossil fuels and minimizing deleterious effects on the enviromment.

There is a need for water desalination both in Saudi Arabia and in
the United States. 1In Saudi Arabia water is needed principally for
municipal and agricultural applications, In the United States
desalination is mainly required to control river salinity and to pro-
vide potable water to selected communities that have critical water
quality problems or that have water shortages.

Despite widespread desalination activity, no significant efforts have
been made to replace the conventional power plants associated with
desalination of water with solar energy systems. Most solar desal-
ination work in the world has been restricted to simple solar stills
of limited output.

It is the objective of this project to advance the technical and
economic feasibility of large-scale solar-powered desalination plants.
"Solar" power is to be understood in its broadest sense so as to
include both direct and indirect solar sources. ‘

To accomplish the objective of this solar energy water desalination
project, a three-phase activity is planned. The phases are as
follows:

Phase 1. Preliminary System Design and Cost Analysis
Phase 2. Detailed Pilot Plant Design and Construction
Phase 3. Pilot Plant Operation and Training of Personnel

Catalytic has been awarded a contract to conduct a preliminary system
design and cost analysis for a brackish water desalination project to
be located in Brownsville, Texas. System analyses and economic
analyses will be performed to define the baseline solar energy desal-
ination system. The baseline system will be for an average daily
product water capacity of 6000 m3. The baseline system will be
optimal relative to technological risk, performance, and product
water cost. Subsystems and their interfaces will be defined and
product water cost projections will be made for commercial plants
over a range of capacities.
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Scientific Applications, Inc. (SAI) is subcontractor to Catalytic
with responsibility for the solar power system,

A development plan for Phase 2 is to be generated including detailed
cost estimates for the design and construction of a pilot plant of
100 m3/day capacity, using the technology of the baseline system.

SITE SELECTION

The goals of this project are to demonstrate the feasibility of
solar desalination technology and to stimulate the use of solar
energy for this and other applications in the United States (US) and
the Kingdom of Saudi Arabia (KSA), This implies that the selected
site must possess:

o the resource requirements crucial to efficient plant
operation and product water utilization

o the climatic characteristics that represent large geographic
regions in both countries

o the flexibility for conducting the demonstration experiment
in either or both countries without any substantial changes
in the technology and the design of the solar desalination
system.

These considerations served as broad guidelines for our approach

to site selection and subsequently to the formulation of a cost-
effective solar desalination system concept. Our approach to site
selection resulted in the selection of a US.site, Brownsville, Texas,
for the brackish water desalination system. The rational for this
decision and the overall approach to site selection are briefly
presented below.

The site selection approach involved two decision points. The first
issue related to an evaluation of whether the brackish water desal-
ination system should be sited in the KSA or the US. The second
concern involved the identification of a geographic region that
typified both countries. A set of criteria encompassing system
location, design, operation, utilization, and technology transfer
considerations was first developed. These criteria were then used
in a qualitative but systematic manner to identify the country and
region of location of the brackish water demonstration facility.

The question, whether a brackish water solar desalination system
should be located in the KSA or the US, was addressed broadly on

the basis of the availability and utilization of water resources in
the two countries. Specifically, to resolve this issue, the follow-
ing factors were considered:
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o} relative availability of water resources

o distribution of population centers and industry versus
water resources

o availability of potable water from conventional sources

o projected desalination requirements for the next five to
ten years

o representative solar characteristics

In Saudi Arabia, the major water-using population centers and in-
dustries are, generally speaking, concentrated along the Red Sea
coast and Arabian Gulf coast. The emerging petroleum processing
and petrochemical complexes are sited in coastal areas. In the US,
this is not the case. Some of the more rapidly growing areas are
those around Las Vegas, Nevada; Phoenix and Tucson, Arizona;
Albuquerque, New Mexico; and Austin, Texas. These are mostly areas
with a brackish water supply.

In both the US and Saudi Arabia, inland sites are hard pressed to
serve the needs of the people from conventional sources. Water
treatment and blending are required in both countries.

Saudi Arabia has developed long-range plans to meet the basic water
needs of its people. A majority of the capacity proposed for Saudi
installations is based on the desalination of seawater.

US plans are relatively poorly defined. A driving force toward
water desalination may well be drinking water standards promulgated

by the US Environmental Protection Agency (EPA). A proposed 500 M8/1
standard to total dissolved solids could cause many inland population

areas in the US to look to desalination technology to supply users
with compliance water.

A US site 1is preferable for a brackish water solar desalination
system considering equipment development and technology transfer,
The specific region for such a plant should be selected with full
cognizance of the application of the desalination technology to the
KSA since growth of population centers and industry is being pro-
jected in the inland areas of Saudi Arabia.

A large number of US sites are amenable to siting of a brackish

water solar desalination plant. The recent Office of Water Research
and Technology Report entitled "Evaluation of Technical Material and
Information for Potential Desalting Demonstration Plants (PB-290-338)"
was used in the initial screening of sites. Table 1 presents data

on the final fourteen sites considered. State and local authorities
were contacted in each of the fourteen localities in the final round
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of evaluations.

Brownsville, Texas, was selected as the US brackish water site,
Strong interest was expressed by both the Brownsville Public
Utilities Board and the Brownsville Navigation District. The
prominent factors in the selection of the Brownsville site were:

o brackish water must be used to meet future water require-
ments

o the site latitude and solar energy resource characteristics
of the Brownsville area approximate that of Riyadh, which
is visualized as the most representative Saudi Arabian center
of inland water needs.

Brownsville offers the unique opportunity to blend water from
various sources and operate the proposed pilot plant under a range
of conditions simulating both US and Saudi Arabian conditions, Thus,
with a system operating at this site, the possibilities for tech-
nology testing and data acquisition are better than for any other
studied.

SYSTEM OVERVIEW

Our solar powered desalination system design philosophy is based

on the use of commercially available subsystems and components.

The reason for this is that we want to maximize the reliability

of the system and be able to meet all the time schedules. We have
taken great care in identifying the major subsystems. All have a
history of successful operation in the field. Our experience in
designing both desalination and solar power systems, and the philos-
phy of our management allows us to choose the best available equip-
ment on the market, We believe that this is a very important attri-
bute in that we do not have a vested interest in the production and
manufacturing of a specific subsystem or component. We are there-
fore not biased towards the use of any particular piece of equipment,
rather we will select that which makes the most sense based on
requirements and economic considerations and that which has the full
backing of a reliable supplier.

Our technical approach to the design of a solar powered desalination
system is based on an innovative use of commercially available
equipment. Coupled with the characteristics of the chosen site we
have designed a unique system that incorporates many features of
interest to the SOLERAS program. Our approach is driven by several
primary variables:
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o Solar Radiation

o Winds

o Brackish Water Quality

o System Specification

o Minimum Cost

o High Technology Transferability

The radiation characteristics suggested the use of solar collectors,
while the availability of wind implied the use of wind energy con-
version system.

Our proposed concept is shown in block diagram form in Figure 1.

The desalination system, shown on the right-hand side of the figure
consists of two reverse osmosis (RO) units, The first unit produces
the largest amount of product water using a lower operating pressure,
while the second unit operating at a higher pressure, produces added
product water from the reject stream of the first unit. Hydraulic
turbines are used after the second RO unit to recover as much energy
from the final reject stream as possible. TFeedwater quality required
by the RO units is provided by the pretreatment system which con-
sists of lime softening, filtration, ion exchange softening and pH
adjustment. The final reject brine is sent to the evaporation pond
for disposal. ' '

Power needed to drive the desalination system is obtained from a
steam turbine-generator system and a wind energy conversion system.
The steam required is obtained from a combination of two types of
solar collectors-medium temperature and high temperature., The med-
ium temperature collectors supply energy to the point where water
can be evaporated into steam at a pressure suitable for steam turbine
operation. The high temperature collectors superheat the steam to
increase turbine efficiency. The steam turbine generator system
output is augmented by the power produced by the wind energy con-
version system. Appropriate storage has been included to ensure
optimum system operation for minimum cost including sufficient elec~-
trical storage to allow system startup without the use of a backup
energy source.

The system has many unique features which have been built into the
concept to ensure maximum reliability and to demonstrate a wide
variety of solar energy and desalination technologies. The system

is designed in modular form so that many of its elements can function
separately and independently when required. For example the desal-
ination system can be operated over a range of capacities powered

by wind, medium temperature solar collectors or a combination of
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medium and high temperature collectors. Any excess energy produced
by the wind energy conversion system is stored in batteries or
placed in thermal storage.
The system, as proposed here, would effectively be operating contin-
uwously with its instantaneous capacity dictated by the weather,
amount of energy stored, and equipment status. The innovative fea-
tures of the system can be summarized as follows:

o] Both solar thermal and wind energy are used

o Two types of collectors are used to minimize system cost
and to provide system availability

o . A desalination system consisting of two stages of RO units

0 Maximum product water recovery from the brackish feedwater
using RO desalination

o Dual use of the land area for both solar and wind generators

o A configuration that can be adapted to a wide variety of
feedwater qualities and solar resources

o A system design for a site typical of climatic conditions
prevailing in areas of water need.

Economic Framework

The primary system performance specifications are defined by SERI
in the request for proposal FJ-9-8123. These ground rules are
particularly important in that they define feedwater quality and
characteristics product water quality and design requirements.
Table 2 lists the feedwater salinity as 6000 mg/1 total dissolved
solids (TDS) and specific chemical constituents. The feedwater
temperature is shown as 38°C. Table 3 lists the product water qual-
ity as 500 ™8/1 TDS and also lists specific chemical constituents.
Table 4 lists plant design requirements including; a nominal pro-
duction rate of 6000 m~/d(1.585 MGD), minimum product water recovery
of 70%, and a plant life of 20 years. The solar energy fraction
required for this design is 1.0 or 100%.

The basic objective of this project is to produce product water at
the lowest possible cost. Aside from the performance requirements,
economic requirements have also been specified to assure a uniform
evaluation of the proposed design concepts. The cost factors are
listed in Table 5. The base year for constant dollars is shown to
be 1980. Significant factors are an interest rate of 8.6% and an
annualized fixed change rate of 0.1437. The cost evaluation
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TABLE 2

FEED WATER CHARACTERISTICS

(Ion concentration in
mg/liter unless other units
are specified)

Conditions
For System B

Total Dissolved Solids

Calcium
Magnesium

Sodium
Potassum
Iron

Manganese
Bicarbonate
Carbonate

Chloride
Sulfate
Nitrate

Phosphate
Silica
Fluoride

Suspended Solids
Color (PK)
Temperature (°C)

Specific Gravity (unit)

pH (units)

Total Organic Carbon

Turbidity
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6000
500
75

1500
120

1.010
7-7.5



TABLE 3 PRODUCT-WATER QUALITY REQUIREMENTS
(mg/liter)

Inorganic
Chemicals

Arsenic

Barium

Cadmium

Calcium
Chloride
Chromium (total)
Copper

Cyanide

Fluoride
Hardness
Hydrogen Sulfide
Iron

Lead

Magnesium
Manganese 0.05
Mercury : 0.002
Nitrate (as N) 10
Selenium -
Silver -
Sulfate 250
Zinc -
T0S ; 500

N
(S, 0L I I R |
o

o
w

Organic
Chemicals

Endrin

Foaming Agent
Lihdane
Methoxychlor
Mineral 0il
Phenols
Toxaphene

2,4 D

2,4 5-TP (silvex)
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TABLE 4 PLANT DESIGN REQUIREMENTS

Conditions
For System B

Catalytic/SAl
System Design

Minimum overall water recovery - 0.70
factor

Plant availability factor, minimum 0.82
Feed-water storage (days) 3
Product-water storage (days) 10
Fuel storage for backup power

subsystem (days) 7
Minimum storage capacity for

chemicals (days) 30
Plant desian life (years) 20
Nominal product-water rate (m3/day) 6000

Yearly output of product-water (m3) 1,800,000

rgduct -water usage rate, peak
(m°/ ,

1,050
gduct-water usage rate, average
525
Prgduct-water usage rate, minimum 75
m°/h)
Solar energy fraction 1.00
Ratio of brine evaporation from pond to 0.7
fresh water evaporation
Ratio of evaporation pond volume to 2

brine volume
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0.90

0.82
3
10

30

20

6000
1,800,000

1,050

525
75

1.00
0.7
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TABLE 5  CONSTANTS FOR COST MODEL

DESCRIPTION
System Operating Lifetime

Cost of Capital (and Rate of Return on
Capital)

Capital Recovery Factor (8.6%, 20 yrs)
Rate of General Inflation

Escalation Rate for Capital Costs
Escalation Rate for Operating Costs
Escalation Rate for Maintenance Costs
Escalation Rate for Fuel Costs

Base Year for Constant Dollars

First Year of Commercial Operation
Price Year for Cost Information

Raw Land Cost

Cost for Lined gvaporation ponds
Cost for Fuel 0i1 (31 6J/m3)

Fixed Charge Rate, Annualized
Accounting Lifetime

Insurance + "Other Tax" Fraction
Investment Tax Credit

Tax Rate

Present Value of Sum-of-the-Year-pigits
hepreciation
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VALUE
20 years
0.086

0.1064
0.060
0.060
0.070
0.070
15%

1980
1981
1979
$1.25/m2
$25/m2
$157/m3

0.1437
16 years

0.020

0.100

0.5
0.6376




methodology to be used represents a standard, consistant procedure
for evaluation (1).

Although solar power systems represent proven technology, it must be
appreciated that todays costs of solar equipment reflects a tech-
nology that has not yet fully matured. Using todays cost data for
solar equipment in a application that would not be realized until
1985 would necessarily distort the relative sizes and capacities of
the system components, The appropriate mix of components would be
obtained when all technologies are mature. Since such cost data

is not available, we selected 1985 solar cost goal for the reference
plant design as listed in Table 6.

For the pilot plant, all cost data are to be obtained as 1980 cost
estimates, Desalination cost data for the pilot plant and the ref-
erence plant design are based on 1980 cost estimates.

DESIGN CONCEPT

The proposed system resulted from an in-depth analysis of various
desalination and solar energy conversion processes. This analysis
consisted of seven components as follows:

o Process understanding - statement of process operation,
performance and its energy and material requirements

o Development of screening criteria - project specified
requirements, availability, cost, reliability and performance

o] Screening of processes - based on the screening criteria
various processes were ranked in order of feasibility

o Process Characterization - detailed evaluation of selected
processes

o Systems analysis - based on cost and performance of the various
systems

o System snythesis - matches the various project criteria to
system performance in a cost effective manner.

The system rationale is described schematically in Figure 2. As a
result of application of screening criteria several desalination
and solar processes were selected. These promising candidate pro-
cesses were then further analyzed as shown.
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TABLE 6 INSTALLED COST OF SOLAR POWER SYSTEM COMPONENTS

(1980 Dollars) ‘
5
ENERGY POWER6
RELATED RELATED NOTES
Evacuated Tubular Collectors  $100./m? —_— 1,4
2
Parabolic Trough Collectors $230./m — 2,4
Point Focus Collectors $580./m2 - 2,4
Wind Energy Conversion System $1,500/kWe —_— 3
Thermal Energy Storage $40. /kWht $45. /kWt 1
Electrical Energy Storage $180. /kWhe $400/kWe 3
Central Power System. $l+20./m2 —_— 2
Photovoltaic System $1,600. /kwWe -— 2
Notes: 1) Estimated, unofficial goals,

2) From "cost goals" committee.

3) Current (1980) cost.

4) 1Includes thermal transport and spares.

5) Costs relate to total energy collected or stored.

6) Costs related to energy collected or stored per unit time.
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PROCESS SELECTION

The major processes were next analyzed by comparing them against
a set of screening criteria. These criteria can be categorized
into four classes:

o Class I - Energy required - three principal forms of energy
are used - the various processes -~ electrical, mechanical
and thermal, Processes are best matched when their principal
energy forms are identical.

o Class ITI - Site parameters — site parameters influence the
type of desalination and solar system to be selected. Insola-
tion, wind, and net evaporation rate effect system design.

o Class III - Equipment parameters - availability of tested and
proven equipment; reasonable cost and history; reliable
equipment for the 20 year plant life and predictable operation.

o Class IV - RFP specifications, primary consideration are:
70% product water recovery minimum; 20 year plant life;
pilot plant construction 1981-82 time frame; product water to
meet drinking water standards; and feedwater quality of
6000 ™&/1 TDS.

The first step in the process selection was the selection of

the desalination system. Energy requirements of the various process-
es are a primary consideration due to the high costs of solar energy
plants. Another aspect of the energy requirement is the form of the
energy to be used. Electrical energy produced from a solar thermal-
electric system requires four to five times the amount of thermal
energy per unit of electrical output. By comparing the various de-
salination processes against the screening criteria, it was con-
cluded that there were three viable processes:

o Multiple stage flash (MSF) evaporation
o Electrodialysis
o Reverse Osmosis

In order to select one particular process, a preliminary design of
three desalination plants was made, each having a capacity of

6000 m3/d. Price quotations were obtained from equipment manufac-
turers and the energy consumption for each process was determined.
As a result of this comparison, the reverse osmosis membrane system
was chosen as the desalination system having the lowest energy
requirement and cost per cubic meter of product water.
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Having selected the desalination process, the solar energy system
was then analyzed to determine the most cost-effective means

for converting solar energy into electrical energy. Biomass was
eliminated on the basis that this resource 1is too inefficient and
incompatible with the arid regions where the need for desalination
exists. Photovoltaics were rejected on the basis of cost and low
unit efficiency. The screening of solar energy conversion processes
resulted in the selection of two viable processes:

o Solar thermal-electric
o Wind

The choice of a particular solar thermal-electric process was
determined on a cost and performance basis to be a combination of
point focus parabolic dish with an air receiver and parabolic
troughs. Wind conversion systems were found to be applicable for
the selected plant site. The last step im the process of selecting
a system concept is to tie together the desalination and the solar
energy processes in a configuration that can meet all of the design
criteria.

DESALINATION SYSTEM

Feed Water Pretreatment

The feed water for the desalination processes is assumed to exist
at the plant boundary limits. However, it should be noted that
specific intake requirements will be incorporated for the selected
plant site.

The pretreatment system consists of chlorination to maintain a res-
idual of 0.5 to 1.0 mg/l of chlorine and storage to maintain a
three day feed water supply. The following water treatment is re-
quired according to the specific requirements of the selected mem-—
brane supplier. In general, this treatment consists of the follow-
ing:

o Addition of lime in conjunction with soda ash and/or ion
exchange to remove calcium and magnesium. The extent of
calcium removal is determined by the formation of insoluble
calcium sulfate at high product water recovery. Silica is
also removed in the coprecipitation of calcium and magnesium
salt.

o Filtration with dual-media filters for the removal of sus-
pended solids and colloidal matter.
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Addition of acid to prevent hydrolysis of cellulose acetate-
type membranes and to maintain a negative Langlier Index
which is a measure of a water's tendency to precipitate
calcium and magnesium carbonates.

The lime softening pretreatment system consists of a solid contact
reactor, dual-bed gravity filters and centrifuge. The reactors
are designed for flash mixing and slow mixing of the raw feed
water with lime and sludge removal all in one unit. The addition
of sufficient lime to achieve reduction of the carbonate hardness
present in the raw water increases the pH value to about 10.2.

At this pH value, all of the iron is oxidized to ferric hydroxide
and the manganese oxidized to manganic hydroxide for removal by
sludge takeoff. To aid in agglomeration of the suspended solids
into particles large enough to settle quickly, ferric sulfate is
added as a coagulant and polyelectrolyte as a coagulant aid. The
water from the reactor overflows to the filters for removal of any
suspended matter remaining in the reactor effluent.

Prior to entering the filters, acid is added to the effluent from
the reactor to reduce the pH value to about 8.0. This prevents any
further precipitation from forming deposits in the lines and/or
filter beds and results in more efficient filtration and longer
filter runs between backwash.

The 5 percent sludge from the solids contact reactor is further
dewatered by a centrifuge for disposal. The centrate from the
centrifuge is recycled back to the reactor.

From the gravity filters, the water is pumped to the ion exchange
columns for additional hardness removal. In the ion exchange
process, the feed water is fed through a resin bed and all the
cations are exchanged for sodium ions. Periodically, the resin is
regenerated with a reject brine and sodium chloride solution.

After ion exchange treatment, the feed water flows to the clearwell
which has a retention time of 30 minutes. From the clearwell, the
water is pumped through the cartridge filters to the reverse
osmosis modules.

Reverse Osmosis

One desalination process is utilized to achieve the rated plant
production of 6000 m3/day of potable water., The primary desalting

process is a two stage reverse osmosis (RO) membrane system which
produces approximately 907% product recovery from the feedwater.

The operating pressure for each stage is determined by the osmotic
pressure of the brackish water and by the operating characteristics
of the selected membrane type. Hydraulic turbines are provided for
energy recovery.
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The residual, concentrated brine and solids produced in the pre-
treatment processes are sent to an evaporation pond for final
disposal.

The primary RO feed pump pressurizes the pretreated feedwater to
about 2760 kPa guage for the first stage product water recovery.
Chemicals, such as acid, sodium bisulfite and sodium hexameta-
phosphate, are injected to protect the membrane and prevent scale
formation. The feed water then passes through a cartridge filter
and then to the RO modules. The primary RO system is designed to
reduce the dissolved solids to 500 mg/l in the product water at
70 percent recovery factor. Modular construction permits easy
membrane replacement and convenient system expansion, as required.

The secondary RO system increases the product water recovery to a
total of 90% by recovering product water from the primary RO
system brine reject stream. The secondary RO system utilizes a
high salt rejection membrane equivalent to a seawater RO membrane
operating at a pressure of about 5520 kPa guage. System pretreat-
ment requirements for various membrane manufacturers are shown in
Table 7 for brackish feedwaters (2). The second stage RO reject
brine stream is sent to the pretreatment system to regenerate the
spent resin in the ion exchange process.

Evaporation Pond

Waste products are generated primarily in the pretreatment ar.d
desalination subsystems. Waste products include pretreatment
sludges from the lime softening process and concentrated brine
from the regeneration of the ion exchange resin. In addition,
various cleaning and storage fluids are produced in maintaining the
RO system.

The waste disposal system consists of a lined evaporation pond and
the necessary components to ensure disposal in an economic and
environmentally acceptable manner, No percolation of salts and
water into the soil or ground water is allowed. The evaporation
pond incorporates a ratio of brine to fresh water evaporation

rate of 0.7 and a ratio of evaporation pond volume to brine of 2.0.

Subsystem Tradeoffs

There are two categories of subsystem tradeoffs; those made as
the result of evaluations of each iteration of the systems
analysis and those which are made to refine the basic cost models.

The first category is primarily related to the relative sizing, or
capacity, among the subsystems. The second category includes
changes in the system concept that may be made independently of
the system analysis or may be tested in the system analysis to
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measure their effect on cost or performance. The tradeoffs in this
category are described below:

Choice of RO membrane. 1In Phase I, a thorough review of all
commercially available membranes was made, both for the high and

the low pressure type. Each membrane was evaluated from the point
of view of:

o Cost
o] Reliability

o Operation under extreme conditions of high pressure and
temperature

o Suitability for solar application

o Ease of operation and resistance to fouling .

RO Operating Pressure. Under normal temperature conditions, low
salt rejection membranes operate at pressures typically around
3,500 kPa and high salt rejection. membrane around 6,285 kPa. Most
membranes will tolerate these pressures up to a temperature of 35°C.
However, our design should be based on 38°C. The tradeoff is made
considering the capital cost of the membrane and its replacement
cost. The membrane replacement cost is based on estimated membrane
life of 2 or 3 years.

Recovery Ratio of the RO System. The recovery ratio for the first
RO stage is 70 Z and 90% for the combined two stages. This

is based on reasonable levels of operating pressures of 2,760 kPa
in the primary train and 5,880 kPa in the secondary. The remaining
10 percent, the reject from the RO units, is returned to the ion
exchange softener. The water recovery figures are based on the
maximum achievable water production considering the brackish

water salinity. During Phase I, a tradeoff study was made between
the cost of the first stage RO modules, ancillary equipment, and
electric pumping power on the one hand and that of the second
stage RO modules, ancillary equipment and pumping power on the
other hand. Another option was to use a single stage with a high
salt rejection membrane.

Pressure Recovery Turbine. An energy recovery turbine to recover
the pressure energy from the second stage reject stream is pro-
vided. During Phase I, a tradeoff study was made between the
cost of the turbine and its associated piping and controls versus
the cost of solar power subsystem saved by the recovery turbine.
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Normally an energy recovery turbine would not be applicable for a
reject flow after 907 product water recovery. However, the
inherent high cost of solar energy has indicated the inclusion of
the turbine for a cost—effective design.

Feedwater Pretreatment, Feedwater pretreatment has been designed

to provide the quality of brackish water as required by the selected
membrane and the selected product water recovery. Lime softening
combined with filtration and ion exchange for extended calcium
removal has been determined to be the most effective manner of pre-
treating the specified brackish feedwater.

Forced Air Cooled Condenser. The steam from the turbine in the
solar power plant, is condensed in an air cooled condenser. This
condenser is the final heat sink of the process. A forced air
cooled condenser was compared to a wet cooling tower. A wet
cooling tower requires makeup water in operation and contributes
a waste disposal problem in the blowdown stream. The controlling
variables are the average wet and dry bulb temperatures for
Brownsville, Texas. As a result of the tradeoff study, the air
cooled condenser was found to be the most economic choice,

Vertical Tube Evaporator (VIE). A tradeoff was also made to
evaluate the impact of obtaining additional product water recovery
from the RO reject brine stream. A crystallizing vertical tube
evaporator and low temperature collector system was compared to the
cost of solar evaporation. A credit was applied for the additional
product water recovery at the cost derived for RO desalination.

As a result of this tradeoff it was determined that the VTE and

low temperature collector system was not cost-effective for

higher product water recovery.

SOLAR POWER GENERATION

The solar energy system was designed to the meteorological con-
ditions prevailing at Brownsville, Texas. The design constraint
of a solar fraction of one, the availability of wind, and the less
than ideal solar radiation characteristics, led to the choice of
a combined solar collector-wind machine power generation system.
The various system components are discussed briefly next.

Turbine Generator System

A conventional steam turbine generator system was chosen because
of the mature state of the technology and its reasonably,
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established costs. An inlet temperature AOOOC, was chosen to
maximize turbine efficiency and minimize collector surface area
requirement. The generator produces AC output, which is sent to
the dispatcher where it is combined with the power produced by the
wind machines and then prioritized to the various loads. The
condenser chosen is of the air cooled type. The steam boiler
consists of an evaporator, where energy collected by the medium
temperature collectors is used to evaporate the water, and a
superheater, where energy collected by the parabolic dishes is
used to superheat the steam.

Medium Temperature Collectors

The medium temperature collectors gather the bulk of the thermal
energy. This energy is stored in a rock-oil thermocline storage
system and is used to vaporize the steam in the boiler. The heat
transfer medium chosen in this system is SYLTHERM 800, a DOW
Corning heat transfer fluid, because it is stable at high tempera-
tures, non-corrosive, non toxic, and is in liquid form at all
temperatures of interest,

High Temperature Colléctors

The parabolic dish collectors provide energy at a high temperature,
compatible with the upper ranges of the steam Rankine turbine
systems. They are included to improve system efficiency. The
ratio of medium to high temperature collector area is approximate-
ly 12 to 1. The heat transfer medium selected for the high temp-
erature collector is air because it can be used over the complete
temperature range that will be encountered by the system, it is
readily available and envirommentally benign. The disadvantage

is that higher temperatures are required in the receiver and

that power consumption for moving the ‘air around is larger than
for an equivalent liquid system. The air is not recirculated, it
is drawn from the atmosphere at the receiver, passes through
thermal storage to the superheater, preheats the water in the
steam cycle, and returns to the atmosphere.

Wind Energy Conversions System

The wind machines convert available wind energy directly to
electrical power. Because winds can be highly variable during a
day, excess electrical power generated by the wind machines is
dumped through resistance heating elements into a high tempera-
ture storage system, where its temperature is controlled to be
compatible with the operating temperatures of the turbine. Elec~
trical energy is also stored in batteries in order to smooth all
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power flows. The inverter is sized to handle the peak output of the
wind machines.,

Wind Loading on Structures

The selection of Brownsville, Texas as the site for the plant
requires a careful examination of the extreme wind loads that can be
expected on the equipment because of its proximity to the region of
hurricanes. Curves of probability exceeding a given windspeed,

and hence the mean recurrence interval, were prepared for Brownsville
(3). Figure 3 shows these curves for the fastest mile and for wind-
gusts at two elevations. These two elevations, 10m and 24m, are
typical for the point focus collectors and wind turbines, respec-
tively. Two design philosophies exist for selecting a design wvalue.
One is based on aerospace vehicle design principles that state a

10% risk of exceeding that design value for the given life time.

The other one is based on building code standards,which accept a 63
percent risk for an expected life of 50 years. Reference 3 gives a
set of curves describing the mean recurrence interval for risk of
accurrence within the expected life of the system. For 10 percent
risk over an expected system life of 20 years the mean recurrence
interval is found to be 230 years; for 63 percent over 50 years, a
recurrence interval of 51 years; for a 63 percent risk over 20 years
recurrence interval is 26 years. From Figure 3 it is noted that the
aerospace design philosophy would require a specification of very
high survival windspeeds. The building code philosophy applied at

a height of 24m corresponds to approximately a 65m/sec survival wind-
speed. It is interesting to note that the WIG Energy Systems, Inc.
model MP 1-200 wind turbine has a 67m/sec (150 mph) survival wind
speed specification (4).

Note that at the 10m level, the extreme wind gust would be 55 m/s
(123 mph), However, for the stowed position survival windspeeds
for the OMNIUM-G and GE-Shenandoah Concentrators are 35.6m/sec
(80 mph) and 40m/s (90 mph), respectively. Thus, to survive the
Brownsville environment would require the addition of windbreaks
around the point focus collector field.

SYSTEM OPTIMIZATION

Methodology Description

It is obvious from the system description given above that there

are many sizes or capacities of subsystems to be optimized. For

the solar power system this task is particularly difficult due to the
fluctuating nature of solar radiation and wind and the depend-

ency of system performance on the history of both load and weather
over the past several hours or even days. Solar systems are gener- .
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ally seen as satisfying the load only partially leaving the remain-
der to be satisfied by a conventional backup system. Cost tradeoff
analyses are made individually for each component of the system,
hopefully to lead to a cost-effective system. However, many
variables play a role in defining an optimum system. Frequently,
engineering judgement is used to estimate the size, capacity, or
operating point of a system, leaving only two or three other varia-
bles to a detailed sensitivity and cost tradeoff study. This
approach is not feasible for the present system because a large
number of variables are involved and very little previous design
work has been done on systems requiring a solar fraction of onme.
The subsystems for which a size or capacity has to be determined
are given in Table 8.

There are many methods available in the open literature that can

be used to find the minimum or maximum of a mathematical function,
For our problem we needed to identify an approach that would satisfy
the following criteria:

o The methodology should be able to optimize many
(more than 10) variables at the same time.

o These variables or functions of these wvariables
may be subjected to constraining conditions,

o The procedure should provide good accuracy with
reasonable computational requirements.

Table 9 provides one overview of the various optimization procedures
that are available and shows their relative advantages and disadvan-
tages. As noted in this table, we selected a linear programming
technique to optimize the system variables. Although its principal
disadvantage is that all performance characteristics have to be
modelled by a linear function, the advantages appear to outweigh
this shortcoming.

The objective of the optimization process is to minimize the

system costs; including capital costs, operation and maintenance
costs. The variables to be optimized plus the hourly energy and
process flows are needed to define a control strategy. The con-
straints to be satisfied include the specified meteorological
variables at Brownsville, such as solar radiation, wind, and ambient
temperature, the equipment performance characteristics, the solar
fraction of one, and a nominal daily product water output of 6000
m3/day with a minimum plant availability factor of 82 percent,

A block diagram of the mathematical model is shown in Figure 4
where all electrical energy flows are connected to node nj all
thermal energy flows to node njy, and the brine and water flows are
as shown. Note that the dish and trough collectors are modelled as
a single block, since both function with direct solar radiation
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TABLE 8 SUBSYSTEMS TO BE OPTIMIZED

For the Solar Power System

High temperature collector area 1.

Medium temperature collector area 2,

High temperature thermal storage 3.
capacity

Medium temperature thermal
storage capacity

Number of wind energy conversion
systems

Electrical storage capacity
AC-DC inverter capacity
Turbine-generator capacity

Resistance heater capacity

227

For the Desalination System

Feedwater pretreatment
capacity

RO desalination capacity

Evaporation pond size
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only and their relative sizes are fixed.

For each hour, the flow and energy balances were defined at each

of the three nodes shown in Figure 4 in terms of the capacities

and sizes of the various components. Constraint equations were
defined for the total integrated annual product water output and

a system control strategy that essentially maintains the RO
operating level at a constraint fraction of its rated capacity each
day. A matrix generator or pre-processor computer program has been
developed that accepts as input the connection of various elements
into a system, a meteorological data file, performance character-
istics of each of the elements, and the cost functions of these
elements. The output of this program is a file in a form approp-
riate to the linear programming solver APEX (5). Several simple
problems were solved with this system and the results verified by
hand calculations to ensure proper function of the methodology. A
variety of calculations have been performed to investigate system
performance and sensitivities to a variety of parameters.

Meteorological Data

The Brownsville site is not ideal from the standpoint of the avail-
able solar radiation or wind. It was, therefore, important to
select an approximate meteorological data set. Fortunately,
Brownsville was one of 26 U.S. sites where long-term solar radia-
tion records were kept so that the Typical Meteorological Year
(TMY) hourly meteorological data tape was available. The solar
radiation and ambient temperature data on this tape are readily
usable for collector performance analyses, but the wind data re-—
quired additional processing before it could be used to evaluate
the performance of wind energy conversion systems. Wind power
calculations require windspeeds at the hubheight of the machine.
This height is usually significantly larger than the height at
which windspeeds are normally measured, the anemometer height.
Winds at heights other than the anemometer height are often found
from the power law, Equation 1.

vy o=V, (ZH/ZA)a (1D

The power coefficient, a, is often taken as 1/7, indicating a
particular shape of the wind profile. It is now well known that
the wind speed profile depends on many variables, the most impor-
tant ones being the roughness of the surrounding terrain and the
stability of the atmosphere. The appropriate power coefficient

was computed for each hour of the day (6). For each Pasquill
stability class, which ranges in value from 1 to 7, a second order
polynomial was given on log Zo, where Zo is the surface roughness.
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The Pasquill stability categories were derived from the meteoro-
logical data program of one of EPA's air pollution evaluation
models, CRSTER (7).

System Evaluation

The optimization methodology as described has been completed and

a variety of calculations have been performed to understand the
various interactions of the system elements given different kinds
of weather sequences and economic performance data. As is gener-
ally typical of solar systems we find that the economic optimum

is very broad, meaning that different mixes of element sizes and
capacities produce approximately the same system cost, The choice
of a mixture of solar collectors and wind machines occurs when both
resources are readily available. A surprising find was that under
certain circumstances the optimization process selects wind machines
only.

CONCLUSIONS

o The selected desalination process for this solar project
is a two stage reverse osmosis membrane system.

o The product water recovery has been determined to be 907
for a brackish feedwater quality of 6000 ™&/1 TDS.

o Feedwater pretreatment required to achieve 90% product
water recovery consists of lime softening, filtration and
ion exchange softening.

o The selected solar energy process is a combination of
solar collectors and wind energy conversion systems.

o The solar collectors are two types: high temperature,
point focus collectors and medium temperature, parabolic
trough collectors.

o The site selected for the baseline plant design is
Brownsville, Texas. This site is representative of
applicable sites in the United States and Saudi Arabia
for solar desalination.

NOMENCLATURE

N total number of components in system
vy windspeed at hubheight

Va windspeed at anemometer height
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height of the hub

H

Z5 height of the anemometer

a power coefficient in power law

Zo ground surface roughness
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ABSTRACT

This paper presents an efficient and cost effective in-
direct freeze desalination process using the total solar
energy concept. The integrated system consists of modular
parabolic dish point focus solar energy collection, molten
salt thermal energy storage, and a conventional steam tur-
bine. The shaft power provides electrical energy needs via
a generator and vapor compression energy needs via compres-
sars for the system. The vapor compression and turbine ex-
haust heat provide for the refrigeration required for this
unique freeze desalination process. Being a total solar
energy concept, efficient energy utilization is of great
significance. This is achieved by using high grade heat to
produce compression refrigeration and low grade heat to pro-
duce absorption refrigeration. The ability of this system
to make use of available energy to freeze sea water in an
efficient manner makes it very attractive. The paper con-
tains discussions on system advantages, future potential,
and system optimization.
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INTRODUCTION

The purpose of our project is to establish the technical
and economic feasibility of large scale solar powered de-
salination of seawater.

With a subcontract from SERI under the SOLERAS Agreement,
CBI in a joint effort with Foster-Miller Associates (FMA)
is pursuing an indirect bulk freeze desalination process
that is uniquely integrated with a stand alone solar power
system.

The two most prominent items in this project are: 1) the
solar power system being designed by FMA; and 2) the in-
direct freeze desalination system being desioned by CBI.
Thus, our paper is divided into solar power and freeze de-
salination sections. The solar concepts will be described
first.

SOLAR POWER SELECTION CRITERIA

The combination of freeze desalination and solar power re-
presents an opportunity to provide a solar baseload-type
total energy plant. Such a solar power plant can be direct-
ly substituted for a fossil fuel prlant. The baseline plant
is nominally rated at 2 Mw,.

Selecting the solar power system generic concept involves
consideration of the freeze desalination enerav needs,
desirable power system features and the longer term poten-
tial of the generic concepts.

Freeze Desalination Energy Needs

The freezing concept can effectively use both shaft power
and waste heat in a cascaded refrigeration system. Com-
pression refrigeration is used to drive the cycle between
the melter and the freezer. Waste heat is used in an ab-
sorption cycle to aid the compression cycle heat rejection
in the melter. The high thermal inertia of the freeze
system suggests that the plant run continuously. The
capital cost of a continuous duty plant will be less than
that of a daytime-only plant. The daytime-only desalina-
tion system must be about three times the size of a con-
tinuous duty plant, while the solar power system cost is
only a little lower for the daytime-only plant. For the
continuous duty plant the freeze and solar power systems
are about equal in capital cost.

The proportioning of energy utilization is relatively fixed
by the optimum freezer and melter temperatures. The nom-
inal process uses two-thirds of the shaft power to drive
the refrigeration compressor. The freeze process pumps and
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overall utility loads consume one-fourth of the power.

The average electrical power required for tracking collec-
tor drives and thermal fluid circulating pumps add the
final 8 percent of the shaft power demand. Near term power
conversion cycles at these levels reject sufficient heat at
88 C to satisfy the demand of the matching absorption cycle.

Desirable Power System Features

The generic solar power concept selection can be considered
from two viewpoints. First, the concept should be practical
and cost competitive for a desalination plant in the near
term. Secondly, the solar power concept should have more
range and broader applicability in the long term. The
second view suggests investing in technologies that can
grow in performance, satisfy a wide power range, and match

a broad spectrum of processes.

These broad desires lead to more specific desirable features.
A modular concept, like dish or trough mounted receivers,
allows exact characterization at a pilot scale, increases
availability through redundancy, duplicates the more expen-
sive components to match different solar profiles or plant
sizes, and adds to the production base of a nearly univer-
sal, standardized solar component. The SOLERAS time frame
dictates that the solar system be founded in near term de-
velopment and demonstration projects.

Generic Solar Power Options

The long term view of the solar power options can be seen
through comparative studies by others. SERI recently com-
pleted a ranking of solar thermal electric plants ranging
from 0.1 to 10 MW. From a list of 11 concepts, we have
picked four that suit the freeze desalination process and
are the most economically competitive.

The four concepts share the features of a central power
plant, three vprovide continuous waste heat to the process,
and all are currently under development or operational.

The only near miss was the dish mounted Stirling engine;
competitive in cost but lacking the centralized power plant
feature and probably late in reaching the demonstration
phase.

Table 1 presents some of the more important features of
these applicable plants. The 5 MW size was closest to the
current project, but the rankina was relatively insensitive
to size. The highest capacity factor evaluated on a common
basis was 0.7. The desalination plant design prefers even
higher capacity factors and tend to favor the lower cost
systems even more.
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TABLE ] . BASIC SOLAR THERMAL POWER OPTIONS

Mature Technology - SERI/TR-351-46 August 1980

5 MW Electric, 0.7 Capacity Factor

Capital
Max . Annual Cost
Plant Type Temp Transport Storage Efficiency (SMillions)

Dish/Central Steam 510 C Salt Salt 16% 17.6
Turbine

Heliostat/Central Steam 590 C Salt Salt 16% 17.9
Turbine

Heliostat/Central Brayton 815 C Air Battery 10% 21.4

Tracking Trough/Central 295 C 0il 0il 11% 21.3

Steam Turbine




The Dish/Steam concept uses a field of tracking parabolic
reflectors to heat molten salt in individual receivers. A
piping network transports the hot salt to storage. Salt is
used to generate steam for a turbine. The collection
system is modular and cost effective.

The Heliostat/Steam concept uses a field of tracking reflec-
tors focused on a central tower mounted receiver to heat
molten salt. The salt is stored and used to generate steam
for a turbine. Modularity is somewhat compromised by helio-
stat and receiver specific design optimization for a given
power level. The collector area is somewhat larger than a
dish system due to shallow incidence angles on many of the
field mirrors.

The Heliostat/Brayton also uses a field of tracking reflec-
tors focused on a central tower mounted receiver. In this
case, air is heated to directly drive a gas turbine genera-
tor set. Electrical storage rather than thermal storage is
used as the high temperatures needed for reasonable Brayton
engine efficiency cannot presently be stored economically.
Electrical storage is relatively expensive and the engine
waste heat is also not available continuously without addi-
tional storage equipment.

The Trough/Steam concept is similar to the Dish/Steam con-
cept but is limited in cycle temperature by the concentra-
tion ratio and efficiency of a line focus system. Thermal
transportation and storage are simpler with this oil based
thermal transport and storage system but the low cycle
efficiency at low temperature requires a much larger and
ultimately higher cost solar collection system.

SELECTION AND ADVANTAGES OF DISH/STEAM SYSTEM

Technology readiness favors the Trough/Steam system as
several plants are operational. The Dish/Steam concept
lacks a molten salt receiver development program but is
more conservatively represented in the Shenandoah system,
presently on order, using a synthetic fluid at 400 C for
transport and storage. The Heliostat/Brayton concept is
presently somewhat earlier in the development cycle but no
fundamental technical barriers are seen.

From these options, we have picked the Dish/Steam system
for its modularity, broad application, and competitive
parallel development programs. The demonstrated perform-
ance available for the 1983 pilot plant falls short of the
mature system goals used in Table 1 due primarily to the
missing small hot salt receiver technology. A later sec-
tion discusses the growth opportunities available to work
towards these goals.
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INTRODUCTION TO FREEZE DESALINATION

Since freeze desalination is not yet a commercial process,
we will digress here to explain the background and attrac-
tiveness of freezing.

Freeze desalination is based on the following natural phe-
nomenon. Ice crystals formed by the partial freezing of a
salt solution essentially contain only pure water. The
salt remains in the residual brine.

Thus, a freeze process is directed toward the making of ice
crystals within the brine, separating the crystals from the
brine, washing the "contaminants" off the separated crystals,
-and finally, melting the washed crystals to produce pure
water. All freeze processes have the above in common.
ADVANTAGES OF FREEZE DESALINATION

Freeze desalination has the following inherent advantages:

Low Energy Requirement

The heat transfer required to make a pound of steam is

about 7 times that needed to make a pound of ice. The
latent heat of evaporation for water is approximately
2.26x108 joules per kilogram (970 BTU per lb.) while the
heat of fusion is only 3.35x105 joules per kilogram (144

BTU per lb.). This difference becomes ever more significant
as fuel costs continue to escalate.

Negligible Pretreatment

The feed stream does not need treatment to prevent membrane
plugging or to retard scaling.

Minimal Corrosion

Metal corrosion is exponentially reduced at the low temper-
ature used.

Low Sensitivity to Fouling

As compared to distillation and membrane processes, foul-
ing of heat transfer surfaces is insignificant. '

Ability to Handle Varying Feed Conditions

Pure ice crystals are formed regardless of the feed used.
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ECONOMIC INCENTIVE TO PURSUE FREEZE DESALINATION

Comparative analyses of membrane, distillation, and freezing
processes in recent years have shown a very favorable ad-
vantage for freeze desalination of seawater.

A 1978 desalting state-of-the-art study by Fluor Corporation
for the United States Office of Water Research and Tech-
nology suggested the following water costs for desalting
seawater when computed on an equalized basis:

$/m> $/1,000 gals.
Reverse Osmosis 1.13 4.28
Distillation (MSF) 0.99 3.75
Freezing 0.58 2.20

These costs were for 19,000 m3/day (5,000,000 gals./day)
plants. The absolute numbers do not reflect present
energy or equipment costs; however, the relative rankings
vis-a-vis freezing are still valid. The relationship of
reverse osmosis to distillation may have transposed due to
the escalation. of energy costs, since distillation is a
more energy intensive process.

. INDIRECT FREEZING

In an indirect freeze process, a refrigerant absorbs heat
across conductive barrier (heat exchanger) from a flowing
salt solution, cooling the brine to its freezing point. It
is most desirable and important that ice crystals form in
the bulk of the liquid without growth on the heat ex-
changer surface.

PREVIOUS PROBLEMS WITH INDIRECT FREEZING

The use of indirect freezing for water desalination was an
early Office of Saline Water (U. S. Dept. of the Interior)
objective, which proved elusive for technical and economic
reasons. One process which was investigated froze sheets

of ice onto a heat transfer surface; the resulting high
thermal resistance required excessive energy for heat trans-
fer. 1In addition, these early studies did not explore low
cost ice production means, relying instead on commercial

@ce making machines. The equipment costs were discourag-
ing.

CBI'S BREAKTHROUGH
CBI has significantly advanced the status of indirect

freezing by successfully demonstrating the feasibility of
a simple indirect bulk freeze desalination system at its
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Plainfield research facilities. This constitutes a major
breakthrough which allows bulk crystallization under steady
flow conditions without degradation of the heat transfer
surface. It also represents a new direction which mater-
ially advances the scalability and reliability of freezing
processes while retaining most of the generally recognized
assets of freezing.

BASELINE SYSTEMS DESIGN

We will now describe our specific designs for the baseline
commercial plant. As before, we will describe the solar
system first and the freeze desalination system second.
The solar system description will be further enhanced by a
discussion of its future potential.

Solar System Design

The current design for the solar power system is con-
strained by the need to prove performance in a 1983 pilot
plant. The available technology is again best represented
by the U. S. Department of Energy's Shenandoah project.
Table 2 highlights the performance parameters of the base-
line plant.

The solar collection system uses aluminized tracking dishes
to heat a synthetic fluid to 400 C. A piping network de-
livers the energy to a molten salt heat exchanger. The
thermal tracking power and pumping losses consume 18 per-
cent of the collected energy when the power conversion
efficiency is accounted for in the tracking and pumping
powers.

Thermal storage is accomplished in a two tank molten salt
system. Salt storage is preferred over direct synthetic
fluid storage because of the high fluid costs. Backup
power is provided by a fossil fuel fired fluid heater in
parallel with the solar collection system. Salt pumping
power for storage and boiler feed uses 2 percent of the
shaft power produced from storage. Because of the con-
sistently high solar insolation levels specified for the
SOLERAS site only about one half of the collected enerqgy is
stored each day.

Power conversion uses a hot salt to steam boiler. A steam
turbine system drives an electrical generator and two re-

" frigeration compressors. One 25 percent capacity compres-
sor maintains high freeze plant efficiency at part load.
Running the second, 75 percent capacity, compressor as well
provides full load.
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TABLE 2., BASELINE SOLAR POWER SYSTEM
PERFORMANCE ESTIMATES

COLLECTOR PERFORMANCE

Collector and Receiver Efficiency 72%
(Aluminized Relector)

Transport Thermal Efficiency 90%

Tracking and Pumping Efficiency?* _91%
Net Collection Efficiency 59%

Receiver Outlet Temperature 400 C

(Syltherm™ 800 Synthetic Fluid)

THERMAL STORAGE PERFORMANCE

Storage Thermal Efficiency 95%
Storage Pumping Efficiency 98%
(Includes Energy Conversion Loss)
Net Thermal Storage Efficiency 93%
Capacity For Full Power 13 hours
Storage Outlet Temperature 375 C

(Partherm™ 430 Molten Salt)

POWER CONVERSION PERFORMANCE

Ideal Cycle Efficiency 22%
Steam Turbine Efficiency _81%
Net Shaft Power Conversion Efficiency 18%
Steam Inlet Temperature 360 C
Steam Inlet Pressure (203 psia) 1.4 MPa
Absorption (Condenser) Temperature - 88 C

OVERALL PERFORMANCE

Solar To Net Power Efficiency _ 10%
At 25% Production Rate 8%
Net Capacity Factor 82%

(Soleras Solar Profile)

*Includes Energy Conversion Loss
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field and storage sizes. Optimization of this sizing re-
quires driving a matrix of systems through a plant perform-
ance model using a solar profile of each hour of the year.
SOLERAS has provided such a solar profile for sea water
desalination plants based on a Saudi Arabian site.

The site specific solar profile determines the collector » ‘

The load control logic used for this plant is based solely
on the hot salt storage level. Only two steady state

water production rates are used; 25 and 100 percent. Low
load is selected when the hot salt storage is reduced to a
predetermined level. Minimum power system cost was achieved
when a 25 percent hot storage level load reduction point

was used.

The system cost analysis is tentative at this writing, hav-
ing completed only the first rough cut on each component.
The preliminary results are presented in Figure 1 in a
relative cost format. The absolute cost wvalues are subject
to change but the trends are believed to be accurate.
Surprisingly, the solar power system total costs are in-
sensitive to capacity factor. For a given annual water
production the maximum desalination rate i.e., peak power
demand has a minimal influence on power system cost.

The solar system must deliver about the same energy each
day independent of when it is used during the day. The
larger desalination plants need less storage as more water
is produced when the sun is up. However, the larger plants
run longer at part load at night. The power conversion
efficiency at part load is lower due to a higher parasitic
loss. On balance, the total energy collection requlred is
nearly constant.

The total plant cost presently appears to increase slightly
with maximum desalination rate. Refinement of these esti-
mates may change the relative magnitudes and size sensi-
tivity.

SOLAR POWER SYSTEM GROWTH POTENTIAL

The Baseline design using proven technology results in an
attractive but conservative solar power system. Relative -
to the mature system capabilities of Table 1, the baseline
design will require 60 percent more collector area. Given
comparable volume production rate economics, the baseline
system will not be directly proportional in cost. The
mature system for example, uses a higher collection temper-
ature with a stainless steel collection and transport loop
and an internally insulated hot storage tank. The baseline
is carbon steel throughout.
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Improved performance is economically desirable either to
reduce the solar system size or to retrofit the desalina-
tion plant for higher capacity as improved components be-
come available for direct substitution. The sequence of
improvements shown in Table 3 is chronologically likely.

The baseline turbine is typical of current conservative
practice. Higher expansion efficiencies, addition of an
extraction loop or perhaps reheat could exceed the 17 per-
cent system efficiency improvement listed. This would
directly reduce the number of dishes required.

Parabolic dishes with silvered glass reflectors, instead of
aluminized films, have been tested and development of a
comparable cost version is expected to follow aluminized
types. The higher reflectance reduces the number of dishes,
and also reduces thermal and pumping losses.

Progress in both higher temperature fluids and salt re-
ceivers suggest that a modest collector temperature increase
is not far off. A 455 C system using either approach is
attractive since carbon steel can still be used throughout
the system. The 12 percent increase in overall efficiency
might thus translate directly into a cost reduction.

The final step envisions 590 C molten salt receivers. New

technology needs include: cost effective piping, tank in-

sulation and freeze protection. The incentives are reduced
collector area, much lower salt inventory, and elimination

of an intermediate heat exchanger.

In conclusion, the performance of the dish mounted receiver,
central steam turbine system can logically be expected to
meet or perhaps exceed the long term projections shown
earlier. The benefits of higher temperature operation will
be the most difficult to achieve but they are also the most
significant. The economic trends of these improvements are
positive and perhaps obtainable for the future baseline
plants.

244




Sye

TABLE 3.

Improvement

Baseline, 400 C 0il

Improved/Extraction Turbine

Silvered Glass Dish

455 C 0il and/or Salt

590 C Salt (instead of 455 C)

SOLAR POWER SYSTEM GROWTH POTENTIAL

Net
Solar Dishes
Increase Cumulative Efficiency Required

- - 10% 400
17% 17% 12% 333
22% 43% 14% 286
12% 60% 16% 250
29% 86% 18% 222



DESCRIPTION OF FREEZE DESALINATION PROCESS CHOSEN FOR THIS
SOLAR PROJECT

An artist's view of the solar energy water desalination
plant is presented in Figure 2. A block process flow dia-
gram shown on Figure 3 further delineates the system.

Incoming seawater is cooled to approximately + 1.5 C by the
outgoing cold brine and cold product water in two separate
heat exchangers. The seawater then flows into the separator
vessel.

In the freeze exchanger, recirculating ice-brine slurry
with feed seawater and recycle brine added is cooled to its
freezing point. Both ice fraction and crystal size in-
crease as the feed stream from the separator progresses
through the freeze exchanger.

The return flow from the freeze exchangers enters the sep-
arator. The separator has several functions: feed supply,
ice fraction control, crystal growth, and initial brine
separation.

A high ice fraction slurry is pumped from the upper portion
of the separator to the counterwasher. This slurry enters
the lower portion of the counterwasher where the bulk of
the brine separates by gravity. The brine leaves the
counterwasher via small drain holes. A portion is recycled
to the separator. The remainder becomes the outgoing re-
ject brine. The ice crystals move upward as a porous bed
in the counterwasher. Wash water is sprayed downward into
the bed to displace the residual brine from the crystals.

A rotating mechanical scraper removes the ice from the top
of the column.

The ice then cascades into the melter. Fere, the ice is
melted by heat from condensing refrigerant from the freeze
exchanger refrigeration system. Part of the melted ice
will be used as wash water in the counterwasher, with the
remainder becoming product water.

We have optimized the indirect freezing process by utiliz-
ing two refrigeration systems. The primary system is a
standard mechanical compression cycle with ammonia refrig-
erant. The compressed ammonia gas flows into a coil in the
melter where it condenses to the liquid state while re-
leasing its latent heat to melt the ice. The liguid ammonia
then expands adiabatically through a throttling valve into
the freeze exchanger. Heat is absorbed from the ice-brine
slurry circulating through the freeze exchanger, vaporizing
the ammonia. The ammonia vapor returns to the compressor,
completing the cycle.
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However, there is an inherent mismatch between the freezer
and melter heat duties. Melting of the ice is insufficient
to condense all of the ammonia vapor. Thus, an auxiliary
refrigeration system is required to condense the excess
vapor.

We plan to use an agqua ammonia secondary absorption cycle
as our auxiliary refrigeration system. Exhaust steam from
the solar plant electric power generation will drive this
absorption refrigerator.

SYSTEM OPTIMIZATION

The total integrated system for seawater desalination is
subdivided into distinctly identifiable segments called
subsystems., Each subsystem performs certain tasks in mak-
ing product water from seawater. Thus, optimization of
each subsystem, group of subsystems, and their interrela-
tions lends to optimization of the entire system. The
system optimization is made based on economics, system and
subsystem efficiencies, technology maturity, commercial
availability, and ease of maintenance.

The optimization effort usually starts at a critical sub-
system component or at a critical functional requirement of
part of a subsystem. The optimization is achieved when the
effect of variation of the critical item on the entire
system is analysed. One broad application of optimization
between groups of subsystems may be reviewed by looking at
Figure 1. Many other system parameters were optimized to
achieve a totally integrated system. For example, selec-
tion of aqua ammonia absorption refrigeration over other
absorption refrigeration systems, matching low grade heat
requirements for absorption refrigeration with turbine heat
rejection, establishment of product water recovery ratio,
matching number of solar collector dishes with heat storage
capacity and product water generation rate, and many others.
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ABSTRACT

The conceptual design of a commercial solar powered 6,000 m3/day plant
for desalting seawater is described and criteria used in the design and
selection of equipment are discussed. The layout of the plant and the
process flow diagrams are given with indication of the major performance
specifications and a Tisting of important design parameters. The plant
is designed for a generic site of characteristics common to specific
sites in Saudi Arabia and the U. S., however, the design can be used

for other sites in other countries. Modularity of the design also allows
scaling the plant down to lower capacities appropriate for a pilot unit
or for areas of low demand. Several measures have been taken to maxi-
mize the use of solar insolation and to reduce power consumption. Those
include energy recovery, utilization of waste heat, and operating the
desalination plant at lTow flow rate when the solar insolation is low.
The plant design was optimized to give the Towest water product price
and trade off studies are made to provide high reliability and low cost.
A special simulation computer code is used for the cost analysis and

for fine tuning the design parameters within the constraints of the
performance specifications provided by the SOLERAS program.

INTRODUCTION

The use of solar energy to assist or to drive a reverse osmosis plant
has been examined [1]. In one concept, a solar assisted plant is de-
signed with parabolic concentrators to drive a stirling engine. A

72% HaF/25% MgF2 eutectic salt mixture is employed as a thermal storage
medium [2]. Economic analyses are conducted for a wide range of capaci-
ties, solar insolation, and solar fraction of the energy required. For
small communities in isolated areas, a‘wind-powered RO system has been
designed with energy recovery [3]. For the same application, an inte-
grated system was designed combining a photovoltaic (PV) concentrator
that produces DC electric power and collects thermal energy with an
electrodialysis (ED) desalting plant [4]. The feedwater is heated in
order to reduce the ED power consumption.

As a result of those designs, the combination of RO and ED in design of

a plant for sea water desalting is found to be attractive. This con-
cept has been developed further under the SOLERAS program for solar
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energy water desalination system design. The AC power is to be generated

for the reverse osmosis first stage using a solar thermal power system

based on line focusing thermal collectors and Rankine cycle power conver- .
sion. The DC power for the electrodialysis second stage is to be produced

directly from a solar photovoltaic field. Although both the ED and RO

desalting concepts are individually inherently more adaptable to solar energy

than vapor phase processes because of their energy efficiency, there is

considerable merit in the hybrid concept as applied in this design over the

choice of either concept for the total desalting process.

The energy intensive nature of desalting processes has been principal in the
selection of the hybrid design considered. System components have been
selected to provide high degrees of reliability and efficiency in opera-
tion to balance the energy requirements and allowances for cost effective
water production. Line focusing parabolic trough collectors provide thermal
fluid at temperatures close to 3000C for favorable ORC engine efficiency.
Steam cycle requirements for pressurization and superheaters under similar
conditions are bypassed through the use of an organic cycle turbine. Flat
plate photovoltaics provide direct conversion DC power for ED operation,
deleting AC to DC inverter losses. In addition, sensible heat thermocline
storage capacity is utilized to extend the desalting plant operating day and
thereby reduce overall plant capacity and cost.

OVERALL PLANT DESIGN

Figure 1 shows an artist's conception of the commercial solar powered sea-
water desalination plant under design by the DHR, SAI, IONICS, and Al-Red-
wan team. As shown in the sketch, the plant comprises three major areas,

the largest of which is the solar thermal (ST) collectors, then the photo-
voltaic collector field, and thirdly, the desalination plant facility that
houses the RO unit, the ED unit, the pretreatment unit, the control room

and other auxiliary systems. A cutaway shows some of the details of the sub-
systems enclosed within the facility. Also shown are the underground product
water storage, thermal energy storage, energy delivery system, and feedwater
well.

The process flow chart of the plant is shown in Figure 2 which delineates
the various subsystems. Here, a separation is made between the RO, which
operates as a first stage to reduce the salinity from 44,000 ppm to about
1,500 ppm and the second stage ED, which desalts the blend of the low sali-
nity water and pretreated seawater to a drinkable water quality. Both
stages are connected by the intermediate tank that stores the RO product
water and feeds the ED unit. However, each stage draws on its own energy
source. The high pressure pumps of the RO are driven by A-C from an organic
Rankine cycle (ORC) turbine which receives thermal energy from a line-focus
parabolic trough field. The ED stage draws D-C directly from the photovol-
taic field. The two stages are decoupled to provide a high degree of fle-
xibility of operation, that is, one stage can operate in case of outage

of the other stage. Provisions are made to heat the ED feed to reduce power
consumption in this stage and to recover the energy from the blowdown of the
brine from the RO stage. Proper pretreatment and post-treatment subsystems
are shown.

Table 1 lists the major performance specifications for a 6,000 m3/day
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plant. The design of the plant is such that it can be scaled down or up
to other sizes due to its modularity. Since a scaled down version of the
plant is to be sited on the Red Sea at Yenbu, the Saudi Arabian codes and
standar@s for buildings, electrical wiring, mechanical equipment, and fire
protection are used, (Table 2). Where codes or standards are lacking, U.S.
design and construction codes are used, (Table 3), such as those specifi-
ed by the ACI, AISI, ANSI, ASHRAE, ASME, ASTM, FS, IES, NFiPA AND UL.

Also, BOCA, ICBO, national fire and national electrical codes are used ex-
cept in situations wherein the standards or codes are limited to specific
situations or regulations unique to the USA.

TABLE 1. MAJOR PLANT PERFORMANCE SPECIFICATIONS

CONDITIONS
Minimum overall water recovery factor None
Plant availability factor, minimum 0.82
Product-water storage (days) 10
Fuel storage for backup power subsystem (days) 7
Minimum storage capacity for chemicals (days) 30
Plant design life (years) 3 20
Nominal product-water rate (m”/day) 6,000
Yearly output of product-water (m3) 1,800,000
Feedwater Storage (days) 3
Solar energy fraction 1.00
Sea Feed water total dissolved so]idg (mg/Titer) 44,000
Sea Feed water maximum temperature ( C) 35
Product water maximum total dissolved solids (mg/liter) 500
System feedwater Sea Well
TABLE 2. PLANT PERFORMANCE SPECIFICATIONS
(MINISTRY OF PUBLIC WORKS & HOUSING)

ACTIVITY SAUDI ARABIAN STANDARDS
Architecture, construction General tech specs, Saudi Arabian

and sanitation Codes and Standards, Sec. 3 Ex-

cavation, Sec. 4 Concrete, Sec. 5
Construction, Sec. 6 Sewage, Sec. 7
Metalwork, Sec. 16 Painting, Sec. 17

Landscape

Cooling Tech. Specs. Air Conditioning and
Elevators
Secs. 1, 2, and 3

Electricity Tech. Specs. Electrical Works

Schedules 1 through 7
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TABLE 2. PLANT PERFORMANCE SPECIFICATIONS (Cont'd)

ACTIVITY

SAUDI ARABIAN STANDARDS

Materials and dimensions

Unified codes for quantities in
construction: Structural, Architec-
tural, Sanitary, Mechanical, Elec-
trical, and Decorative Works.

TABLE 3. PLANT PERFORMANCE SPECIFICATIONS,U.S. CODES AND STANDARDS

PERFORMANCE REQUIREMENTS

CODES/STANDARDS

Flammability
Smoke Production
Toxicity

Fire Endurance
Security

Misuse Resistance

Static Load, Safety Factor

Dynamic Load, Safety Factor

Seismic Force

Corrosion Resistance

Wind Resistance

Thermal Resistance

Noise level, not to exceed

Environment, Temperature OC
Humidity, %

Lighting

Electrical Wiring

Control Room

Class I (0-15) ASTM E 84, ASTM E 13G
ASTM E 84

NFiPA

ASTM 119

Fence and Computer Controlled Moni-
toring System

Easy use of controls - fail safe,
inhibitors for incorrect operation
or sequencing

5

5

0.2 deadload of equipment

ASTM B 117

70 m/sec

-10 to 70°C

60 dBA

25

50

ANST A 11.1

NEC Cl1 D2

Applicable MIL-HDBK-759, FED-STD-
186, FED-STD-595 ‘ ‘

Design Philosophy

The major objective of the conceptual design is to provide a commercially
viable solar-powered stand-alone seawater desalination plant that pro-
duces water at a minimum cost that is likely to compete with convention-
al systems as the price of fossil fuel increases and as solar technology
advancement improves solar collector efficiency with resultant reductions
in cost in both the US and Saudi Arabia. To achieve such objectives,
several criteria are used in the design, including:

e High plant availability
o Low power requirements
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Maximum utilization of solar insolation

Low capital cost

Universality of the design

Scalability/modularity of the design

Compatibility with conditions in the U.S. and Saudi Arabia
Use of commercially available equipment

High plant availability can be assured by the use of reliable components,
providing routine maintenance at times of no solar insolation, avoidance
of total forced shutdown of the plant by making partial operation possi-
ble, the use of proven and rugged equipment and systems which are reliable
in hostile environments, and minimization of maintenance requirements.
Review of operation experience records of desalination plants .in Saudi
Arabia shows that the major causes of shutdown and long maintenance and
repair periods are: frequent failure of diesel-generators used to

power the plant, poor sea intake due to low sea level, marine growth or
0oil contamination, and membrane failure due to bursting of brine hoses

in RO plants. Solar power systems may be more reliable in operation than
diesel generators. The use of a sea well with proper precautions could
alleviate the intake problems. Proper selection of hose material would
prevent frequent membrane failure.

To meet the second criterion is to select desalination processes of low
power consumption. From among the proven technologies of water desalina-
tion, RO and ED are more energy efficient than distillation processes.
Although freezing has the least power requirements, the technology has
not yet reached the commercial stage. Also, the ability to operate at
varying power levels is possible in the case of ED. Segmenting the RO
units into sections with separate high pressure pumping capacity may allow
for flexibility in operation. In contrast, vapor phase and freezing sys-
tems are generally unable to respond to high degrees of variability in
available power. The flexibility in operation is essential in providing
maximum utilization of solar insolation which varies during the day with
minimum use of storage. Table 4 displays a comparison of desalination
technologies. Such comparison provides the basis for preference of the
hybrid RO/ED system as a desalination process.

TABLE 4. DESALINATION TECHNOLOGY COMPARISON FOR SEAWATER PLANTS

EFFICIENCY ot
COMMERCIAL | (uniT ouTeuT FoR |  CAP[TAL | ECONOM xigLL1TY. | RELIABLL ENVIRONVENTAL
PROCESS | AVAILNBTLITY | SEAwarea pimmres | CCOMT 0FSCALES | BEORBRRH [ | VAT l$é[é Ny RECEFTHBILTTY
ENERGY) l( RAM)
DisTILLATION
MSF* YES LOW-MED H1GH HIGH NONE MED MED
HENS® YES MED HIGH HIGH LOK MED MED
Ve YES LOW MED HIGH LOW LOW YED
FREEZING NO HIGH MED LIKELY NONE LOW LOW-MED
MEMBRANE
RO* YES MED-HIGH MED LOW LOW-MED MED HIGH
. YES MED MED-HIGH LOW VERY HIGH HIGH HIGH
BAvER 1 YES MED-HIGH MED LOW | VERY HIGH HIGH " HIGH

*HUSF - MuLtistace FLasuing: *MEMS - Muitipie EFFect MuLtistace; *VC - Vapor CoMPRESSTON; *RO - Reverse Osmosis:
ED - ELeCcTRODIALYSIS
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The third criterion of maximum utilization of solar insolation leads also
to the selection of a PV system which is 1likely to provide energy on
cloudy days and during haze periods wherein parabolic trough collection
is very Tlimited.

Needless to say, low capital cost of equipment is an important criterion
for selection of various subsystems. A hybrid RO-ED would meet this
criterion. Also, the major equipment, including the solar collectors,
energy delivery systems and storage tanks are selected to assure low
capital cost while maintaining appropriate conditions compat1b1e with the
rest of the design features.

The system design is modular and may be replicated easily in a wide vari-
ety of geographic Tocations both in the US and Saudi Arabia. Thus, site
specific features are less important and the size of the collector fields,
the power requirements, or the type of pretreatment may be varied with
minimum effort. This would assure relatively modest investment levels for
commercialization of the plant design. The universality of the design will
also ease the transfer of technology between Saudi Arabia and the US and
could extend the benefits from applications of solar energy technologies

to other countries.

Since the 6,000 m3/day size is not necessarily the optimum design for
specific applications, the plant design is such that it is possible to
scale it down to a pilot plant size or to small sizes for areas of lower
demand. It should also be feasible for scale-up for future use in areas
of higher demand, especially in the commercial stage. System modularity
would provide such flexibility without losing the potential economy of
size. Maintenance at lower cost is probably the most attractive feature
of modular systems.

A special consideration is made to account for factors common between the
US and Saudi Arabia. This is done especially in selection of the solar
energy source. Indirect solar energy sources; such as wind and biomass,
have been excluded since they are less adequate in Saudi Arabia than the
direct solar energy source. Wind regimes can not support a wind-powered
system anywhere on the seashore whether near the Red Sea of the Gulf.
Naturally available biomass is rather scarce in Saudi Arabia.

Another criterion used in selection of equipment is the use of components
which are commercially available now or in the near future (by the time of
implementation of the design) and selection of off-the-shelf items when-
ever possible. A specific off-the-shelf item is selected when a minimum
of three to four US companies are able to supply the equipment specified
in the design and when commercialization programs exist which focus on
lowering the cost of such items. Whenever off-the-shelf items are not
available, equipment is selected for which at least the performance of the
basic technology has been demonstrated for one to two years and commercial
projects are in place to develop such equipment. Also, the selected equip-
ment is at least second generation. In addition, options in selection of
subsystems and interface components must exist to ensure ability to opti-
mize the economic water production.
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Innovative Features

The ED stage is directly coupled to the DC power output of the PV array,
and hence the water output of the ED can follow variations in power, mini-
mizing battery storage requirements and maximizing energy use efficiency.
Daily storage losses may amount to 15-25 percent of the collected energy
if discharge/charge cycles are required. Also, eliminating the need for
A-C power invertors, current conditioners and stabilizers avoids losses

on the order of 5-10 percent during normal operations.

A second feature of the design is the use of the waste heat from the
thermal energy delivery system to increase temperature of the ED feedwater.
Power consumption of the ED stacks falls about 1.8% per degree centigrade
increase in feedwater temperature, due to an increase in conductivity of
the stack. This direct use of wasteheat also eliminates the need of a
cooling tower.

The RO and ED stages are decoupled by the use of an intermediate storage
tank and the independence of the energy delivery system for each stage.
This allows for a great degree of flexibility. Complete shutdown for repairs
of either stage can be done without affecting the other stage. The ED
(product side only) is blended to accommodate variations (seasonal and tidal)
in sea water salinity, degradations of the RO product water with time, and
to increase the overall water recovery of the plant.

Water-motor driven
‘<:‘.pumps (6) Electric-motor driven
pump (one)

Booster pumps (6)

Intermediate
Ve _(~ DPressurePi/ > .

J\%'

Brine

N D) O_. >

N
A A
o
Y Y

i

-

A y Brine waste Permeate 1
9,000 m3/day (product)
6,000 m3/day

Feed water
15,070 m3/day

FIGURE 3. SCHEMATIC OF POWERRECOVERY USING DIRECT COUPLING BETWEEN HIGH
PRESSURE BRINE AND FEED WATER PUMPING SYSTEM
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The high pressure brine from the RO is used directly to operate water
motors to drive the high pressure RO pumps (Pelton wheel driven pumps).
Booster pumps are also used to reach the required pressure as shown in
Figure 3. This arrangement could provide 40% reduction of the Toad on
the thermal collectors not counting for the power requirements for the
auxiliary system,

DESIGN MODELLING

The design is simulated by a solar desalination computer code "SOLAR
DESAL" developed for the purpose of performing trade-off among various
design options and to fine tune the design parameters. A flow chart of
the code is shown in Figure 4.

The program has been structured to allow the interchange, substitution,
and elimination of major subsystems, a flexibility necessary for trade-
off analyses and parameter studies. Reliability considerations are in-
cluded in the code calculations by the computation of times of failure
and of repair. Program logic is based upon the availability of a parti-
cular component/subsystem in addition to the usual temperatures, flow
rates, etc.

The SOLAR DESAL code simulates the production of water from a plant

that includes pretreatment, battery storage, backup diesel generator, and
water storage and demand simulations. This is in addition to solar thermal
collectors, photovoltaics, a second desalination subsystem, heat engine,
waste pond, recovery turbine, and various minor subsystems and components
such as heat exchangers, piping, pumps, chiller, etc. Actual insolation
data may be read in and patched directly into the solar radiation proces-
sor.

The code has the capability to calculate performance of two different
types of: (1) solar thermal collectors, (2) different photovoltaic
cells, and (3) desalination stages. Solar energy calculations are made
for specified basic units of a set number of thermal collectors connected
together to provide the necessary temperature and mass flow, or photovol-
taic modules connected in series to obtain sufficient voltage. The basic
unit can be sized upwards by combining similar units to allow for virtual
unlimited array size.

Desalination and heat engine subroutines are constructed to allow the in-
terchange of reverse osmosis and electrodialysis units. Heat engines can
be changed simply since performance data in the code is calculated from
generalized functions utilizing performance parameters provided by the
program user. Similar functions are provided for the recovery turbine,
waste pond subsystem, solar collectors, water treatment, RO and electro-
dialysis subsystems. Thermal energy storage is modelled using modified
versions of the TRNSYS 10.1 stratified fluid storage tank and rock bed
thermal storage.

Program logic is structured such that system availability is considered
first. Each major component/subsystem is examined for available capacity
based upon user supplied failure rate and repair time data, or distribu-
tion parameters, and user supplied subsystem configuration including re-
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serve units. After capacities are determined, power requirements and

possible flow rates are calculated, available energies from all sources .
are then determined. These energies are compared with the subsystem re- '
quirements to determine water system capabilities, including the proper

operating mode for the electrodialysis desalting subsystem. Water pro-

duction is then found and excess energy is either stored; if possible,

or noted. Water storage tank levels are monitored and not used in capa-

city calculations. The SOLAR DESAL code also includes cost computation

based on the levelized cost model [5]. The approach provides cost of

energy as well as the cost per unit of product water.

SUBSYSTEMS DESIGN

Desalination System Design

A process flow diagram for a pretreatment system, suitable for the RO plant,
is shown in Figure 5. This pretreatment involves chlorination of the sea
water at the intake from the sea well, coagulation with clarification,
acidification, sodium hexametaphosphate addition, multimedia filtration,

and cartridge filtration. Pretreatment of the sea water feed to the ED
plant following chlorination is limited to multimedia filtration. The
pretreated feed water for the ED plant is sent to a feed water storage

tank where the pretreated feed water for the RO plant is used directly.

The stored, pretreated feed water is used as required to back wash the
multimedia filters.

The first desalting stage is the RO plant (Fig. 6). Its design parameters
are given in Table 5. The RO plant discharges, at a minimum, 60% of the
high pressure feed water as brine waste. The available energy (exergy)

in this pressurized liquid can be recovered by using it to drive an impulse
type Pelton turbine. The power produced by the Pelton turbine can be used
to drive some of the feedwater pumps so that the ORC generator capacity
and thermal field size would be reduced.

In an alternate scheme, the high pressure brine may be used directly to
operate "water motors" which are used to raise the feed water pressure to
an intermediate value pj between atmospheric and the supply pressure of
5.52 MPa. Booster pumps are then used to raise the feedwater pressure
from p; to 5.52 MPa, (Figure 3).

As can be seen from Figure 3, one of the RO units (say unit #1) is equipped
with both a water-motor pump and an electric motor driven pump. The
system operating sequence will be as follows:

1. Start the ORC generator

2. Start the electric motor driven pump and booster pump for
RO module #1

3. Use the brine from module 1 to operate the water-motor dri-
ven pump for RO module #2

4. Start the booster pump for module #2

5. Use the brine frqom module #2 to operate the water-motor

driven pump for RO module #3
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Start the booster pump for module #3

Repeat above procedure for modules #4, 5, and 6

Use the brine from module #6 to operate the water-motor
driven pump for module #1

Switch the valving on module #1 so that the feed water is
now pumped by the water-motor driven pump and the booster
pump

10. Stop the electric-motor driven pump for module #1

(Yol 0 N Oy

Assuming a booster pump efficiency of 0.8, the required ORC generator
capacity is 1.68 MW compared to 2.25 MW with no energy recovery. The
required capacity using Pelton turbine is 1.74MW.

TABLE 5. RO DESIGN PARAMETERS
(SEA WELL WATER INTAKE)

Design feed temperature, 08 20
Maximum feed temperature, ~C 25
Raw Feed pH 8.2
Operating Pressure, MPa 5.2
Plant capacity, m3 7,500
Concentration of Product, ppm in ions 1,002
No. of Permeators (B-10 M-6840-055) 968
Specific Power Requirements, MJ/m3 171
Permeator Product Rate (after 3 years), m /hr 0.32
Salt Passage Correction Factor 1.62
ALUM
o, ACID SuMp rchIc
SULPHATE
seamater Y >\ =Y . com:hgnm
SEDIMENTATION
POLYMER

SODIUM HEX.

o2t T
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FILTER

POL
FILTER
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1. Chlorine addition

2. Acid addition

3. Sodium Hexa-Meter phosphate addition
4, Coagulation and sedimentation

S. Multi-media filter

6. Polishing filter

FIGURE 5. RO PRETREATMENT
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The second desalting stage is the ED plant (Figure 7). This plant can be
operated in two modes - full or reduced flow. At low levels in insolation,
it is desirable to reduce the voltage to the ED plant by 50% (through the
use of a voltage switch or the battery bank) and to reduce the production
of the ED plant accordingly. In the process flowsheet given in Figure 7,
the reduced production rate is achieved by using a secondary feed pump

(and switching off the main feed pump).

Product
ater

Urine Vaste

To ORC

From ORC Candenser

.
Active Carbon Filter

FIGURE 7. PROCESS FLOW SHEET FOR THE PV/ED STAGE

Since the current is also reduced in the reduced flow mode, this mode of
operation is more energy efficient. That is, the specific energy con-
sumption is now half of the specific energy consumption (MJ/m3) at the
design capacity and the power demand is significantly reduced. These
changes make the reduced flow mode well suited to directly utilize the low
levels of energy that areavailable in the early morning and late after-
noon as well as during those days that are partially overcast. This mode
is particularly effective in minimizing the Toss of scarce energy when
the pretreatment (and waste disposal) pump is disconnected and the plant
continues to operate at the reduced flow until the feed water (or inter-
mediate product water) storage tank is depleted.

The post-treatment unit is shown in Figure 8. The maximum power require-
ments before optimization are listed in Table 6 for the component systems
in the desalination subsystem. The operational times for the RO and ED
plants are assumed to be 24 and 8 hours, respectively. The plant control
and data acquistion systems are depicted in Figure 9.

SOLAR ENERGY AND DELIVERY SYSTEMS

Desalination plant energy requirements are provided by a combination of
line focusing parabolic trough and flat plate photovoltaic collector fields
which can operate in either independent or parallel modes (as shown in
Figure 2). The LFTC field provides thermal energy for AC current produc-
tion to power the RO, pretreatment, post-treatment, and house and auxiliary
loads, while the PV field produces DC power for the ED stacks. Power con-
ditioning equipment allows for AC to DC or DC to AC conversion as required,
allowing flexibility in desalting plant operation and improved
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TABLE 6. MAXIMUM POWER REQUIREMENTS (kWe)
RO (24 hours) 1629
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power plant reliability through system redundancy.

The AC power requirements are provided by 70,000 m2 of north-south oriented
two-axis parabolic trough collectors, with the capacity for an average
eight hour energy delivery of 970 GJ, feeding three 600 kW organic Rankine
cycle engines (Figure 10). Caloria, HT-43, exits the collector field at
approximately 300°C and is pumped to the thermal storage header and heat
exchanger with average energy capacities of 26GJ and 95GJ, respectively.
To]uene is pumped through the secondary side of the heat exchanger at
8/sec/0RC providing an ORC turbine inlet temperature of approximately
270 Total ORC generation is about 1740 kW which provides all plant

AC loads. Condensor outlet (at 590C) is used to heat the intermediate
product water for improved ED operating efficiency. In this mode, the
thermal storage system is charging and recycling to the collector inlet.

Two thermal storage tanks are used and compr1sed of 65% rock and 35% Caloria
by volume, providing a heat capacity of .176d/m3. Tanks are then sized
at 2250 mé with a storage capacity of 380 GJ.

The 440V DC power requirement of the ED stacks is provided by 23,000 m2
of flat plate photovoltaic collectors. At 30W peak output per PV module,
a series connection of 30 modules is required to generate the necessary
voltage. An arrangement of 2070 units of 30 modules yields - peak power
of 1865 kW (1065 kW average over eight hour solar day) for operation of
the ED system during daylight hours. A battery system provides voltage
stabilization during fluctuating insolation periods.

CONCLUDING REMARKS

Through the SOLERAS Program the concepts for solar desalination which have
been deliberated on for the past four decades, have materialized. The
design developed here demonstrates the possibility of commercialization

of solar desalination plants using present-day technology. Cost reduc-
tion of solar energy systems would allow such efforts to come to fruition.
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