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ABSTRACT

Conventional seawater desalination technology could solve the problem of fresh water short-
age, but consumes a large amount of fossil fuel and causes the environmental problems such
as global warming, acid rain, etc. On account of this, solar desalination is one of the promising
methods. Mathematical and economic models of solar desalination system with salinity-gradi-
ent solar pond (SP) which both supplies the energy and store energy in system are established.
A Visual Basic and A MATLAB computer programs of solar-powered low temperature
multi-effect distillation (LT-MED) processes are developed. It is researched that the effect of
the temperature of stream entering into the external heat exchanger and the temperature of
stream returning to SP on thermal and economic performance of solar desalination system. The
conclusions are helpful to the design and operation of solar desalination plant.

Keywords: Solar desalination; Salinity-gradient solar pond; Low temperature multi-effect dis-
tillation (LT-MED); Thermal and economic performance

1. Introduction cesses, including multi-effect distillation (MED),
multistage flash (MSF), vapor compression (VO), freez-
ing, humidification/dehumidification, solar still, mem-
brane distillation (MD), reverse osmosis (RO), and
electro-dialysis (ED) [2]. However, the separation of

salts from seawater requires large amounts of energy

Water is essential for life. Around 97.5% of earth’s
water is salt water while only 2.5% is fresh water that
can be used by humans. It is the basis for social well-
being of people. As populations continue to grow, scar-

city of fresh water sources has driven technological
advances in desalination of brackish water and seawa-
ter for meeting social and economic needs for potable
water [1]. The most important technologies for desali-
nation, include phase-change and membrane pro-

*Corresponding author.

which, when produced from fossil fuels, can cause
harm to the environment. Therefore, there is a need to
employ environmentally-friendly energy sources in
order to desalinate seawater [3]. Thermal desalination
by salinity-gradient SPs is one of the most promising
solar desalination technologies. Compared with other
solar desalination technologies, SPs provide the most
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convenient and least expensive option for heat storage
for daily and seasonal cycles [4].

Solar desalination system with solar pond (SP) is
studied and some independent parameters which
have influence on the thermal and economic perfor-
mance of system are researched in this paper.
Recommendations given in this paper could be help-
ful in future initiatives regarding the research and
development of this promising solar desalination
technology.

2. The solar pond LT-MED system

The system investigated in this paper is an low
temperature multi-effect distillation (LT-MED) system
coupled with a salt-gradient SP for desalting seawater.
The solar desalination system concludes SP subsys-
tem, heating/cooling subsystem, external heat exchan-
ger subsystem, parallel flow LT-MED subsystem. And
Fig. 1 shows the coupling of them. Heat extraction is
performed by using brine-withdrawal method exclu-
sively. In this method hot brine is pumped from the
storage zone by means of a diffuser mounted in the
lower convective zone (LCZ), passed through an
external heat exchanger. After exchanging heat, the
cooler stream temperature decrease and returned to
the bottom of the pond through another diffuser. This
system is assumed to be built besides the salt filed.
The discharged concentrated salt solutions from the
LT-MED system would be discharged into the evapo-
ration pond in the salt filed. After being further con-
centrated, one part of the brine in the evaporation
pond was put in SP to maintain the salt concentration
gradient of the SP; the other was used to produce the
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salt. There are cooling and heating systems to insure
the stream temperature entering into external heat
exchanger is fixed, which is an important factor help-
ing to provide a steady thermal energy to the thermal
desalination processes. This system’s advantage is that
it not only saves a large amount of salt and reduces
the cost of the SP, but also prevents high salinity brine
from discharging into the sea to protect the coastal
seawater from the possible pollution.

2.1. Solar pond subsystem

A typical salinity-gradient SP generally consists of
three regions namely the upper convective zone
(UCZ), the middle non-convective zone (NCZ), and
the LCZ. It is a shallow pond with a vertical salt-
water gradient; the denser saltier water stays at the
bottom of the pond and does not mix with the upper
layer of fresher water. Consequently, the lower salty
layer gets very hot. A SP is a thermal solar collector
that includes its own storage system. It collects solar
energy by absorbing direct and diffuse sunlight and
produces relatively low grade, less than 100°C, ther-
mal energy and is therefore generally considered well
suited for supplying direct heat for thermal distillation
processes [5].

2.2. Heating/cooling subsystem and external heat exchanger

It is assumed that the stream temperature entering
into the external heat exchanger equals to T., when
the SP supply stream temperature Tsps equals to T,
the stream enters the external heat exchanger directly;
when the SP supply stream temperature T, greater
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Fig. 1. Schematic of solar-pond desalination.
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than T,, the cooling system begins to run until the
stream temperature equals to T,; when the SP supply
stream temperature Tgps is less than T, the electric
heater begins to run until the stream temperature
equals to T.. After exchanging thermal energy, the
cooler stream temperature decreases to Ty, and
returned to the bottom of the pond through another
diffuser. At the same time the external heat exchanger
supplies thermal energy for LT-MED system.

2.3. Parallel flow LT-MED subsystem

LT-MED means the desalination technology that
the highest temperature of the first effect heating
steam can’t exceed 70°C, It has some technical advan-
tages through the possibility of utilizing low tempera-
ture waste heat sources, reducing water cost and
relieving scaling and corrosion problem. And it con-
cludes two basic flows, namely serial flow, parallel
flow. Fig. 2 is the typical representative of parallel
flow: in the parallel feed system, the feed water leav-
ing the condenser is divided and distributed almost
equally to each effect. Because of pressure difference
between the evaporators, the brine that enters into the
bottom of the next evaporator flash out some steam,
and the condensed water of the former evaporator
also flash out some steam at the steam entrance of the
next evaporator.

3. Mathematical model
3.1. Solar pond subsystem

Some basic assumptions were made for simplify-
ing the analysis as follows:

(1) The pond has three distinct zones, which are the
LCZ, NCZ, and UCZ, and the coordinates of the
zone boundaries are fixed.

(2) Heat losses through sidewalls of the pond are
considered small enough, due to all the sides of

Heating Steam
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the pond being well insulated, to be considered
negligible.

(3) The bottom surface is blackened in order to maxi-
mize the radiation absorption. Therefore, the radi-
ation energy reaching the LCZ is completely
absorbed by the solution and the bottom of the
pond.

(4) The temperature of UCZ equals ambient tempera-
ture.

3.2. Governing differential equation

A one-dimensional governing equation suitable for
pond can be expressed as [6]:

oT 0 (,0T\ . dh(x)
s dCIRE S M

where C,, is specific heat of the solution (J/kg'C), k is
thermal conductivity of the solution (W/m"C), p is
density of solution (kg/ m?), Jext 1 the rate of heat
extraction per unit area of the SP from the heat extrac-
tion layer (W/m?. I and h(x) are the solar-radiation
intensity at the SP surface (W/m?) and non-dimen-
sional transmission function, respectively. Using
Cartesian system of coordinates, x is measured as
positive downward with the origin (x=0) at the sur-
face of the pond.

This equation is adjusted accordingly depending
on the location of calculation for simplicity, the effects
of wind-mixing and a double-diffusion mechanism
are not considered here.

3.3. Boundary and initial conditions
(1) Upper zone temperature:
Tl,g=Ta (2)

According to the climatic conditions of the Dalian

[7]:
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Fig. 2. Schematic of parallel flow LT-MED. (P—water pump, H;-H,,_;—preheater, E;—E,_;—evaporator, C—condenser,

n—number of effects).
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(3)

2n(D — 27
T, = 12.3 + 13.6 sin (71())

365

where T, is ambient temperature (‘C).
(2) Blew boundary condition of the LCZ is given
as:

oT
ko len =0 (4)

where H is the total depth of the SP.
(3) The temperature of the various layer of the SP
to be equal to 20°C at time, t=0.

3.4. Heating/cooling subsystem

(1) Tsps = T, the energy supplied by cooling sys-
tem can be expressed as:

1
Q.= cpx24x3,600 x msp x Asp x (Teps — Te)

=1

(5)

where Q. is the thermal energy cooled by the cooler
(J), I is the number of cooled day (d). my is the feed
flow rate (kg/m?/s).

(2) Teps < Te, the energy supplied by heater system
can be expressed as:

1
Qu =) _cp x24%3,600 x msp x Asp x (Te — Tqps)

j=1

(6)
where Qy, is the energy supplied by heater system (J).

3.5. External heat exchanger subsystem

The energy supplied by external heat exchanger
Qe

Q. =3.6 X ¢y x msp X Asp X (Te = Tepr) (7)

Published Ref. [8] provides mathematical model of
parallel flow LT-MED system.

4. Economic model

The cost of this system contents two parts: capital
cost and operational cost. The capital cost includes
cost of SP lining system, electric heater and cooler,
land, condenser and preheater in the LT-MED system,
the external heat exchanger and evaporator in the
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LT-MED system; pump investment and civil installa-
tion and auxiliary equipments; the operational cost
includes the operating cost of pump, manpower,
pre-treatment, electricity using by heater.

4.1. The cost of solar pond lining system

The bottom of the SP is insulated with 100 mm [9]
thick expanded polystyrene (EPS) insulation to reduce
the average heat loss. Then the high-density polyeth-
ylene is installed on the surface of the SP.

The economic model of SP lining system can be
expressed as:

Ju = F. x [gb x (Asp +4H? — 4H, [Asp
+4H, 2Asp — 4f2H2)

tox (Asp F4H? —4H Asp)] (8)

where [, is the cost of SP lining system (¥ /y), F. is
the depreciation and maintenance rate, 0.1. Ay, is the
area of the SP (m?®), ¢ is the price of high-density
polyethylene and is estimated to be 30, (¥ /m?), ¢ is
the price of EPS and is estimated to be 35, (¥ /m?).

4.2. The cost of electric heater and cooler

The economic model of electric heater and cooler
can be expressed as:

]aZZchaXPele (9)

Jaz = Fe X 0 X Acoo (10)
where [, is the cost of electric heater (¥ /y), and J,3 is
the cost of cooler (¥ /y), F. is the depreciation and
maintenance rate, 0.05. Pg is the power of double-
pipe electric heater (kW), a is the price of per electric
heater power and is estimated to be 300 (¥ /kW), Ao
is the heat transfer area of cooler (m?), & is the

price of per cooler area and is estimated to be 1,600
(¥ /m?).

4.3. The cost of land

The economic model of land can be expressed
as:
]a4 =0.02 x1.1 x Asp X Cland (11)

where [,4 is land cost (¥), Ciang is the land cost per
unit area and is estimated to be 200 (¥ /m?).
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4.4. The cost of condenser and preheater
The economic model of condenser and preheater
can be expressed as:

Jas = Fe X Acon X o (12)

Jas = Fe X Apre X (13)
where J,5 is the cost of condenser and J,¢ is the cost of
preheater, F. is the depreciation and maintenance rate,
0.05. Acon is heat transfer area of condenser (m?) and
Apre 18 heat transfer area of preheater (m?), « is the
price of per area of condenser and preheater and is
estimated to be 3,500 (Y /m>).

4.5. The operating cost of pump
The economic model of pump can be expressed
as:

60 x 60 x 24 x 365 x > N;
b 3,600,000

X Y (14)

where [, is the operating cost of pump (¥), N is the
power of pump, ¥ is the price of per electricity (¥ /
kWh).

The cost of the external heat exchanger and evapo-
rator in the LT-MED system, pumps investment, civil
installation and auxiliary equipments, manpower, pre-
treatment and electricity using by heater can be found
in [10].

4.6. The cost of fresh water

The economic model of fresh water can be
expressed as:

> Jai + D b

J=1,000% 557 365 x 24

(15)

where | is fresh water cost (¥ /t), > Jai and Z]bj are
capital cost and operating cost, respectively (¥ /y),
DD is fresh water yield (kg/h).

5. The thermal and economic performance of solar
desalination system

The key design and operating parameters control-
ling the performance of the system—the temperature
of stream entering into the external heat exchanger,
the temperature of stream returning to SP—were
studied.
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5.1. The temperature of stream entering into the external
heat exchanger

When the SP area is 5,000 m?; the feed flow rate is
0.003kg/m?*/s; the temperature of stream returning to
SP is 70°C; the heating steam temperature of the first
effect is 65°C; the evaporation temperature in the last
effect is 40°C and the number of effects of LT-MED
system is 10. When the temperature of stream entering
into the external heat exchanger changes, the varia-

tions of the performance of system are shown in
Figs. 3-5.
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Fig. 3. Effect of the temperature of stream entering into the
external heat exchanger on evaporator heat transfer area
and the energy supplied by electric heater.
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Fig. 4. Effect of the temperature of stream entering into the
external heat exchanger on fresh water production and
fresh water production per unit collector area.
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Fig. 5. Effect of the temperature of stream entering into the
external heat exchanger on fresh water cost.

With the increasing of the temperature of stream
entering into the external heat exchanger, the energy
supplied by electric heater, evaporator heat transfer
area, fresh water production and fresh water produc-
tion per unit collector area increase greatly; and fresh
water cost decreases firstly and then increases. The
temperature of stream returning to SP and feed flow
rate are constant, thus the SP supply stream tempera-
ture is constant. In order to increase the temperature
of stream entering into the external heat exchanger,
the electric heater must supply much more energy. At
the same time, the thermal energy supplied by the SP
system to the LT-MED system increase, so the evapo-
rator heat transfer area, fresh water production and
fresh water production per unit collector area
increase. Under the calculation condition of this
paper, when the temperature of stream entering into
the external heat exchanger is 77°C, the fresh water
cost reduces to the lowest price.

5.2. The temperature of stream returning to solar pond

When the SP area is 5,000m?; the feed flow rate is
0.003kg/m?/s; the temperature of stream entering
into external heat exchanger is 80°C; the heating steam
temperature of the first effect is 65°C and he evapora-
tion temperature in the last effect is 40°C; the number
of effects of LT-MED system is 10. When the tempera-
ture of stream returning to SP changes, the variations
of the performance of system are shown in Figs. 6-8.

With the increasing of the temperature of stream
returning to SP, the energy supplied by electric heater,
evaporator heat transfer area, fresh water production
and fresh water production per unit collector decrease
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Fig. 6. Effect of the temperature of stream returning to
solar pond on evaporator heat transfer area and the
energy supplied by electric heater.
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Fig. 7. Effect of the temperature of stream returning to
solar pond on fresh water production and fresh water
production per unit collector area.

greatly; and fresh water cost decreases firstly and then
increases.

The temperature of stream entering into the exter-
nal heat exchanger and feed flow rate are constant,
and temperature of stream returning to SP increases,
so the SP supply stream temperature increases and the
electric heater supply less energy. At the same time,
the temperature difference of stream through the exter-
nal heat exchanger decreases, so the thermal energy
supplied by the SP system to the LT-MED system
decreases, thus the evaporator heat transfer area, fresh
water production and fresh water production per unit
collector area decrease. Under the calculation condition
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Fig. 8. Effect of the temperature of stream returning to
solar pond on fresh water cost.

of this paper, when the temperature of stream
returning to the external heat exchanger is 71°C, the
fresh water cost reduces to the lowest price.

6. Conclusion

The thermal and economic performance on solar
desalination system with SP and LT-MED is presented
in this paper. Taking the actual project into account,
the temperature of stream entering into the external
heat exchanger, the temperature of stream returning
to SP impacting on the system performance are ana-
lyzed, Under the calculation conditions of this paper,
the following conclusions can be drawn:

With the increasing of the temperature of stream
entering into the external heat exchanger, the energy
supplied by electric heater, evaporator heat transfer
area, fresh water production and fresh water produc-
tion per unit collector area increase greatly; and fresh
water cost decreases firstly and then increases.

With the increasing of the temperature of stream
returning to SP, the energy supplied by electric heater,
evaporator heat transfer area, fresh water production
and fresh water production per unit collector decrease
greatly; and fresh water cost decreases firstly and then
increases.
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Nomenclature

ACOO

] a9
Cland
] a5
] a6
Acon

Apre

Jo1

Z]ai
>y
DD

the stream temperature entering into
the external heat exchanger, ‘C

the SP supply stream temperature, ‘C
the temperature of stream returning
to SP,C

specific heat of the solution, ]J/kg‘C
thermal conductivity of the solution,
W/mC

density of solution, kg/ m®

the rate of heat extraction per unit
area of the SP from the heat
extraction layer, W/ m?

the solar-radiation intensity at the SP
surface, W/m?

positive downward with the origin (x
= 0) at the surface of the pond, m
ambient temperature, ‘C

the total depth of the SP, m

the thermal energy cooled by the
cooler, ]

the number of cooled day, d

the feed flow rate, kg/ m?/s

the energy supplied by external heat
exchanger, ]

the cost of SP lining system, ¥ /y
the depreciation and maintenance rate
the area of the SP, m?

the price of high-density
polyethylene, ¥ /m?

the price of EPS, ¥/ m?

the cost of electric heater, ¥ /y

the cost of cooler, ¥ /y

the power of double-pipe electric
heater, kKW

the price of per electric heater power,
¥ /kW

the heat transfer area of cooler, m?
the price of per cooler area, ¥ /m?
the land cost, ¥ /y

the land cost per unit area, ¥ / m?
the cost of condenser, ¥ /y

the cost of preheater, ¥ /y

heat transfer area, m?

heat transfer area, m?

the price of per area of condenser and
preheater, ¥ /m?

the operating cost of pump, ¥ /y

the price of per electricity, ¥ /kWh
fresh water cost, ¥ /t

capital cost, ¥ /y

operating cost, ¥ /y

fresh water yield, kg/h
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