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Abstract

The development of a simple dynamic computer model allows the performance and operational behavior
investigation of a large solar seawater desalination system based on a multi-effect distillation plant and a solar
pond, which is believed to be the most promising large-scale solar desalination technology known today. The
whole system of dynamic behavior of the whole system is investigated, and annual water yield predictions are
made during the thermal transient build-up and quasi-steady-state system operation. The effect of varicus design
and operational parameters on system behavior are investigated. Results are offered for system sizing, design and
water yield predictions, as well as system economic evaluation. Based on up-to-date construction experience, rates
and market costs of components and labor, as well as updated costs of commercially available desalination plants,
predictions of the unit water cost are made according to which appears to be most competitive with water cost
from conventional resources in several arid and semi-arid geographical locations.
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lution and global warming, which strongly affects
the hydrological cycle on earth. Large-scale sea or
brackish water desalination, although an energy-
intensive process, appears tc be the solution

1. Introduction

Water is one of the most basic requirements of
all mankind. The evolution of human civilization

has been based for centuries on adequate fresh
groundwater deposits of reliable supply from
distant fresh water sources. However, the shortage
of fresh water is gradually spreading at alarming
levels, even in the temperate climate zones on
earth, probably due to recent environmental pol-

0011-9164/95/$09.50 © 1995 Elsevier Science B.V. All rights reserved

SSDI0011-9164(95)00077-1

which is being offered by contemporary technolo-
gy. However, the ever-rising costs of conventional
energy and the increasing concern to regional and
global environmental pollution are leading to the
exploitation of environmentally friendly and low-
cost solar energy.
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2. Large-scale solar pond-multi-effect distilla-
tion technology

Thermal desalination processes involving a
large number of successive brine evaporation-
condensation cycles with intermediate heat recov-
ery are currently considered as the most suitable
for large-scale desalination plants with high salin-
ity (up to 40,000 ppm) water sources. These units,
based either on multi-effect distillation (MED) or
the multi-stage flash (MSF) principle, can be
operated by low-grade heat sources (usually
above 65°C) with a specific heat consumption as
low as 64 kWh (thermal) per ton of distillate.
They are currently manufactured in medium and
large capacities up to several thousand tons of
distillate daily. When there are no site restrictions
present, the units can be operated by large con-
ventional medium temperature solar collector
fields.

Due to the extremely large amounts of low-
grade heat required for the processes, the units
require enormous fields of conventional solar
collectors. However, construction and operation of
such enormous collector fields are impractical
taking into account the associated interconnection
plumbing and thermal insulation, flow balance,
maintenance, heat storage and pumping, as well
as capital costs. A potential device which is suit-
able for this purpose is the salinity gradient solar
pond (SP), which not only involves adequate
integral heat storage and passive heat collection
and transfer at low pumping costs but also can be
built and operated at a remarkably low cost.

Large-scale solar scawater desalination tech-
nology has received considerable attention during
the last two decades. Tabor [1] found that when
suitable site conditions for erection of large low-
cost SP and MED plants exist, this technology
will be cost effective. Considerable amounts of
expertise and practical experience have been
gained on both salinity gradient SP and MED
plants in Israel and elsewhere [2-4], while large
MED plants are currently manufactured by sever-
al companies around the world.

3. Description of the theoretical model

The present work aims at the development of
a simple theoretical computer model for the inves-
tigation of the dynamic behavior of a combined
large SP-MED system. Based on the literature and
mainly on specific information by Zarza et al. [5]
for a currently manufactured, small-capacity
(about 80 m3/d), 14-stage, MED desalination plant
with a specific heat consumption of 75 kWh ther-
mal/in®, it appears as though that even lower
figures could be expected for appreciably higher
plant capacities.

It is assumed that a 500 m%d MED plant is
combined with a large SP as a low-grade heat
source, which supplies heat to the plant as soon as
its lower convecting zone (LCZ) temperature
exceeds 75°C. Edge effects are ignored while a
fixed temperature heat sink is assumed at 8 m
underneath the pond bottom. It has been recently
found [6] that due to the substantial amplitude of
harmonic meteorological driving functions for
latitudes higher than about 25°N and to the rela-
tively limited thickness of practically feasible GZ
according to Xe et al. [7] and Tsilingiris and Mul-
lett [8), dynamic modelling formulation is neces-
sary since steady-state formulation may possibly
lead to highly misleading results. The heat flow in
the brine and soil are described, respectively,
from the following expressions:
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where 7 is the dimensionless yearly average
Fresnell optical loss coefficient while the final
term of Eq. (1) represents the heat generation due
to the absorption of incident solar energy. Al-
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though it has been found that the theoretical upper
limit for brine transparency would be expected to
be appreciably higher [9], the radiation transmis-
sion in this model is assumed to follow the more
conservative simple Bryant and Colbeck [10] law:

h(x) = a+bIn(x/cosB) )

with © the average refractive angle for the actual
path length correction according to Rabl and Niel-
sen [11], assumption and Hj the incident solar
radiation harmonic function. Brine and soil are
subdivided into discrete isothermal layers, and the
above equations are translated into corresponding
heat balance expressions. They are solved simul-
taneously under the boundary conditions of pond
surface and underground heat sink layer equal to
daily ambient and average yearly temperature,
respectively, and the following lower convecting
layer balance expression,
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where x,, X, X3, X4 are the vertical distances from
the surface of the pond to the lower boundaries of
UCZ, GZ, pond bottom and heat sink, respective-
ly. As soon as LCZ temperature exceeds 75°C,
the MED plant, which is assumed to withstand
slight overloads of up to 120% of its rated nomi-
nal capacity during relatively short periods of
time, operates at a fixed temperature with a distil-
late production within period Y given by

Y
My = { [AC-L(xz,r)/w dr &)

4. Results and discussion

It is assumed that the combined system begins
operation in spring at day N=100 when brine and
soil are isothermal. Fig. 1 shows the LCZ temper-
ature as a function of time in days during the
period of the first three successive years of opera-
tion. Calculated results correspond to an UCZ, GZ
and LCZ of 0.2, 1 and 1.5 m thick, respectively,
a pond area of 30,000 m% and meteorological
conditions corresponding to Athens (38°N lati-
tude). Within the first 100 days, LCZ temperature
exceeds the extraction temperature and the MED
plant becomes operational. Calculated daily water
production is shown by the solid lines during
which each of tnese curves corresponds to the
yearly water production. Distillate production
ceases as soon as LCZ temperature becomes low-
er than 75°C. During the first two years of opera-
tion, water production increases substantially and
stabilizes from the third year onwards when the
system approaches quasi-steady-state periodic
solutions and all transients have died away. This
long transient behavior is attributed to the sub-
stantial thermal inertia of the system. Based on
extensive computer simulations, it has been re-
cently found [6] that for the given geographical
region, it can be assumed that the system practi-
cally reaches quasi-steady-state conditions after
the end of the second operating year, irrespective
of design and operational pond characteristics. In
the same plot the broken lines underneath the
solid line represent the radio of the distillate pro-
duction to the daily nominal capacity. This capac-
ity ratio never exceeds about 1.2, something
which suggests a fairly good match between the
pond and MED plant.

Fig. 2 represents the dynamic behavior of the
combined SP-MED plant during a whole year
when all transients have died away. The broken
line corresponds to the LCZ temperature, and
solid lines correspond to daily water production
for an UCZ, GZ, and an LCZ of 0.2, 1 and 1.5 m,
respectively, and a pond area of 10,000, 20,000,
and 30,000 m2, Apparently best-capacity match-
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Fig. 1. The LCZ temperature, T} ,, daily water yield

B and daily water yield and capacity ratio R during the

first three successive operating years. UCZ thick-

ness=0.2 m, GZ thickness=l m, LCZ thickness=1.5 m.
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Fig. 3. The effect of GZ thickness of 0.8, 1, 1.2 and
1.4 m on LCZ temperature and water yield in quasi-
steady-state operation for a GZ thickness of 0.2 m and
an LCZ thickness of 1.5 m.

21g is possible with about a 30,000 m? pond size,
while water production is possible between about
day 110 to 310 yearly.
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Fig. 2. Quasi-steady-state LCZ temperature (broken
line) and daily water yield (solid line) for 4,=10,000,
20,000, and 30,000 m* and UCZ thickness=0.2 m, GZ
thickness=1.0, and LCZ thickness=1.5 m.
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Fig. 4. The yearly water production as a function of
solar pond area with the GZ thickness as a parameter
and UCZ thickness of 0.2 m and LCZ thickness of
LS m.

Fig. 3 represents the effect of a practically
feasible GZ thickness of 0.8, 1, 1.2 and 1.4 m on
the daily water production under similar operating
conditions., Although highly desirable, it is not
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feasible to design thicker gradient zones with the
widely available brines.

Apparently the effect of GZ is not only re-
markable to the yearly water production, which is
proportional to the surface underneath each curve,
but also to the operational period of the combined
SP-MED plant, which increases from 170 to
245 d yearly corresponding to a GZ of 0.8-1.4 m,
respectively.

In Fig. 4 the yearly water production is plotted
as a function of solar pond area with the GZ
thickness between 0.8-1.4 m, under the assump-
tion of negligible edge effect losses. These results
can be used as a rough SP dimensioning chart for
operation of SP-MED plants in a typical sunny
Mediterranean climate.

S. Economic analysis

The overall capital cost is mainly composed of
the solar system cost and MED plant cost compo-
nents. According to the most reliable and up-te-
date SP construction experience, Nielsen [12] has
estimated the SP unit cost as a function of many
parameters. The unit cost area of a solar pond also
shown in [13] is expressed as a conéribution of
the SP and evaporation pond components. These
are expressed as a function of earth moving, poly-
mer liner, wind protection, load heat exchanger
and the salt unit cost, which dominates. However,
when pond erection is possible along coastal areas
for seawater desalination applications, salt can
simply be derived by seawater concentration in
shallow evaporating ponds at a negligible cost.

Cost estimates for large, modern, commercial-
ly available desalination plants are rather scarce
and sometimes not current, and direct access to
manufacturing companies is usually difficult.
However, it is generally agreed that their cost is a
linear function of their nominal capacity:

C=a+B-B, (6)

with o and B numerical constants. The capacity-
dependent cost component is usually assumed

proportional to the number of plant stages or
effects.

Based mainly on the current market costs of
substantially smaller capacity desalination plants,
it has been found that the numerical figures of the
capacity-dependent and independent terms § and
o, respectively, scatter substantially, with maxi-
mum figures as high as $2500/m>/d and $200,000,
respectively. However, since some of these fig-
ures correspond to research plants, they cannot be
considered as representative, and they cannot be
directly extrapolated for large- and very large-
capacity plants, the cost for which is expected to
drop substantiaily with size.

Tabor [1] assumes for large-capacity plants
that B=$700 m/d. Based on this estimate and
updating this figure, taking into consideration
typical inflation rates as well as design and engi-
neering improvements along with innovative
technology, it could be very reasonable to assume
for large-capacity plants that P=$1,000/m*/d.
Therefore, in order to present a sample case for
use in the developed model and although the
original figures correspond to earlier cost esti-
mates, the following figures of a=$50,000 and
#=$1000 m/d have been adopted for the subse-
quent economic analysis.

Although economically desirable, continuous
operation of the MED plant is impossible
throughout the year because of necessary preven-
tive maintenance of the plant. Defining as mainte-
nance factor MF, the percentage of the uninter-
rupted plant operation yeariy and assuming that
MF=80%, the yearly average derating factor is

R = MyI365 B, MF ™M
and the effective plant cost is estimated as

C,y = C,/R = 365-MF-B,-C,/ My ®

For a given zone geometry, the yearly water
production as a function of SP area is given in
Fig. 4. Assuming a gradient zone of 1 m thick,
the yearly water production is estimated by
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By = 0.002825-4, ®

Therefore, the overall cost of the SP plus MED
plant is given by

C, = 5c, 4, +1292-MF-C,' B,/ 4, (10

which becomes minimum for (8C,/04,)=0.

The overall capital cost of a solar pond and a
MED plant is shown in Fig. 5 as a function of SP
area with the unit salt cost as a parameter ranging
from $0-60/ton. It is shown that for a salt cost of
$60/ton a minimumn capital cost of about $2 mil-
lion is gossible for a pond area of about
30,000 m*, which leads to more than 80,000 tons
of yearly water production. Apparently the expen-
sive component of the system is the MED plant,
the commercial cost of which is expected to fail
with market growth and technological improve-
ments.

Assuming a 15-y life span and referring to
annual costs, it would be possible to estimate the
produced water unit cost. In Fig. 6 the water cost
is shown as a function of a solar pond area for
salt costs of $0, $20, $40 and $60/ton with annual
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Fig. 5. Capital cost for the whole SP-MED plant sys-
tem as a function of solar system size with unit salt
cost as a parameter. It is assumed that UCZ thickness
is 0.2 m, GZ thickness 1.0 m, and LCZ thickness
1.5 m, with an interest rate i=10%.

interest rates of 6% and 14%. Apparently the
effect of interest rates on cost dominates at small-
er installations, while water cost is estimated to be
slightly in excess of $2/ton for a pond of about
30,000 m2, which matches with the given size of
the MED plant.

6. Conclusions

An analysis of a stand-alone SP-MED for
seawater desalination and an economic evaluation
of the technology have been presented. The devel-
opment of a theoretical computer model and dy-
namic formulation has allowed the complete in-
vestigation of design and operational parameter
effects on the distillate production of a combined,
stand-alone SP-MED seawater desalination plant.
Derived transient and quasi-steady-state solutions
were used for the calculation of yearly water
production as a function of pond area during the
first and subsequent years of operation, as well as
the yearly operational period of the plant for a
fixed zone configuration.

i=14 %

i=6%

WATER COST (US$/TON)

T S LA "R
SOLAR POND AREA (1000 SQUARE METERS)

Fig. 6. Water cost as a function of solar system area
with unit salt cost and interest rate as parameters rang-
ing from $0-60/ton and from 6-4%, respectively. The
UCZ thickness is 0.2 m, GZ thickness 1.0 m and LCZ
thickness 1.5 m,
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It has been found that a system based on a
pond area of 30,000-40,000 m? under meteoro-
logical conditions of a sunny Mediterranean coun-
try is capable of delivering about 10,000 tons of
distilled water (about 10 ppm) yearly at a cost of
slightly in excess of $2/m’, which is competitive
with the cost of water from conventional water
resources for many other arid and semi-arid loca-
tions.

7. Symbols

a — numerical constant

A — area, m?

b — numerical constant

B — MED plant capacity, m>/d

c — heat capacity, /KgeC

C — cost, $

h — transmission function

H  — incident solar radiation, w/m?

£ — thermal conductivity, w/meC

{ — yearly average optical loss coefficient

L — heat extraction rate, w/m?

M  — distillate produciion, kg

MF — maintenance factor

R — capacity ratic

s¢  — specific cost, $/m?

T — temperature

t — time

w  — specific heat consumption of the MED
plant, J/kg

x — depth, m

Y — time period, s

Greek

o — numerical constant

B — numerical constant

9  — average refractive angle

p — water density, kg/lt

Subscripts

b — brine

c — solar collection
d — effective

n — nominal

[ — overall

P — pond

s — soil

Y — time period, y
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