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ABSTRACT

An experiment for salinity-gradient solar pond has been constructed and operated at the Dead Sea area over a
period of 3 months. The pond has a volume of 5m3 with dimensions of (L, H, W) as 2.0m, 2.0m and 1,25m
respectively. The two parameters temperature and salinity concentration profiles were evaluated through the
measurements of the solar pond with respect to time. The experimental result shows that the bottom layer has a
higher temperature and it reached a maximum temperature of 85 °C after 100 hour of operating. In this experiment,
the thermal insulation for the pond was successful to keep the boundaries isolated that made it possible to extract the
thermal energy stored in the bottom zone during the day time, continuously, while maintaining the stability of the
solar pond. The total cost of the pond was about $35/sqm, in which the cost of the salt represents 45% of the total
cost of the solar pond which is relatively cheap. Therefore, constructing the ponds close to the Dead Sea area is a
cheaper alternative. Resulting low cost of utilizing thermal energy that could be a valuable option for multistage
flash desalination plant that is functioning below 100 °C. The operation of this pond reveals that solar pond
technology in the Dead Sea area, as compared with other methods of using solar thermal energy for power

generation, is more efficient especially for the utilities where direct thermal energy is required.
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1. INTRODUCTION

During the last few years’ great efforts have been exerted in developing alternatives of conventional energy
sources as an alternative comprises solar energy, geothermal energy, wind energy and biomass. Among the solar
energy systems, solar ponds have received worldwide attention in the last decade as an alternative means of
supplying thermal energy for industrial process heat, thermal desalination, domestic water heating, space
conditioning and electric generation. The sun is the largest source of renewable energy and this energy is abundantly
available in all part of the earth and especially in hot and arid regions such Jordan in the Middle East. Solar energy
become as another source of energy supply. The solar energy potential in Jordan is enormous as it lies within the

world solar belt with average solar radiation ranging between 5 and 7 KWh/m2, which implies a potential of at least
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1000 GWh annually (Mohammed, 2011). One efficient way to trap this solar energy is through the use of salt-
gradient solar ponds. They can be utilized for various applications, such as electricity generation, water desalination,
drying and recover valuable salts. Collection and storage of solar energy in salt-gradient solar ponds are based on the
fact that convection heat loss is suppressed by establishing a salt concentration gradient. This gradient increases the
density of the lower layers of the pond and makes it stationary stable regardless of the temperature rise of these
layers. Thus a salt gradient solar pond, usually called a non-convective solar pond, collects and traps solar energy
and stores it in a large body of brine. This solar pond technology, as compared with other methods of using solar
thermal energy for power generation, is more efficient especially for the utilities where direct thermal energy is
required such as in industrial processes, where the need is just for the thermal energy and not the electricity
(Jayatissa at al., 2012; Aljaradin, 2017). Solar ponds can cheaply fulfill the industrial demand without the need of
expensive conversion of solar energy into electricity generation. In this paper, a small-scale experiment for salinity-
gradient solar pond has been constructed and operated at the Dead Sea area. The experiment intends to measure the
temperature and salinity profile of the solar pond. Furthermore, to discuss the basic principles of solar pond design

and the potential of the thermal energy extraction at the Dead Sea area.

1.1 Related data

Jordan is considered as a developing non-oil producing country located in the Middle East. Its basic energy
needs are obtained from imported oil and gas. Jordan imports 96 % of all its energy at a cost of US$ 3.6 billion or
13.5 % of the country GDP (Aljaradin, 2012; 2017). Domestic oil and natural gas production covers only 2% of its
energy need. The total contribution of renewable energy in Jordan is less than 2% of the total energy mix. The
master strategy of the energy sector in Jordan has set a target of 10 % of the country’s energy supplies which is
around 1,800 MW, from renewable sources by 2020. Jordan has made inspiring progresses in implementing its
national renewable energy strategy. In 2012, the government introduced regulations paving the way for solar net-
metering, under which Jordanians can sell electricity produced by solar energy at a rate of US$ 0.2 KWh.
Decentralized photovoltaic units in rural and remote villages are currently used for lighting, water pumping and
other social services (1000 KW of peak capacity). In addition, about 15% of all households are equipped with solar
water heating systems. Jordan has major plans for increasing the use of solar energy. As per the Energy Master Plan,
30% of all households are expected to be equipped with solar water heating system by the year 2020. The Strategy
calls for 600 MW of this new capacity to be provided by solar power.

On the other hand, about 97% of the earth’s water is found in the ocean, with a salt content of more than 30,000
mg/L. Water, with a dissolved solids (salt) content below about 1000 mg/L, is considered acceptable for a
community water supply (Buros, 2000). The concept of desalination refers to a wide range of processes designed to
remove salts from waters of different salinities as collected from different areas see Table 1. All major water sources
can be utilized as raw water supply for desalination, except the Dead Sea as considered as one of the saltiest place
on earth. Salinity of the raw water affects the efficiency and the economy of the desalination plants: the more saline

raw water sources, the costlier are the production.
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Table 1. Salt concentrations of different world water sources (OTV, 1999; Gleick, 1993; Magazine, 2005;
Bashitialsharrer, 2013)

Water Source or Type Concentration
(9/1, ppt)

Brackish waters 05t03

North Sea (near estuaries) 21

Gulf of Mexico and coastal waters 2310 33
Atlantic Ocean 35

Pacific Ocean 38

Persian Gulf/Arabian Gulf 45
Mediterranean Sea 38.6

Red Sea 41

Dead Sea ~300

1.2 The Chemistry of the Dead Sea

When the runoff goes into the Dead Sea, the salt content can fall from its usual 35% to 30% or lower (salt
works, 2001-2006). Under normal conditions, the salinity of the Dead Sea is about nine times greater than the
average salinity of the oceans. Depending on the season, the salinity of the uppermost 35 m of the Dead Sea ranges
between 30% and 40% and the temperature between 19°C and 37°C. Below a transition zone, the bottom layer of
the Dead Sea consistently has a temperature of about 22°C, with complete saturation of halite (NaCl). Because the

water is saturated, salt precipitates out of solution onto the sea floor.

The Dead Sea is presently also saturated or oversaturated with respect to aragonite (CaCO3) and anhydrite
(CaS04) (Gavrieli et al., 1989). Mixing between the calcium-rich Dead Sea brine and a sulfate-rich seawater will
result in gypsum precipitation (CaSO4-2H20) (Gavrieli et al., 2005).The Dead Sea salts are commercially important
and their production increases the evaporation of water. Wisniak (2002) presented a description of the properties of
the Dead Sea together with a chemical analysis of the processes utilized to exploit it commercially. Several
numerical models have been developed to determine the water balance (Al-Weshah, 2000; Abu-Jaber, 1998).
Horizontal variations in temperature and salinity may occur in the Dead Sea, but these are usually neglected in
modeling (Krumgalz et al., 1995; 2000). Due to the particular chemical composition of the water, the accepted
definition of “salinity” is not useful for the Dead Sea and it has been replaced by an equivalent salinity, referred to
as ‘‘quasi-salinity’’( Anati, 1999). Carnallite (KMgCI3.H20) is next to crystallize out, however, this is only
expected to happen when the brine reaches a specific gravity of 1300 kg/m3 (Steinhorn et al., 1983).

Table 2 presents a comparison of elemental analyses of water from the Dead Sea, the Jordan River, and the
Mediterranean Sea based on more than 40 years of data. Opinions vary slightly as to which salt content the water of
the Dead Sea has. Gavrieli et al., (2005) reported a density and salinity of the Dead Sea of about 1237 kg/m3 and
342.4 g/l, respectively, whereas Vengosh and Rosenthal (1994) reported the Dead Sea salinity to be about 332.06
g/l. Mixing of the water in the Dead Sea due to low waves and wind is slow compared to that in other water bodies

e.g. Seas and Oceans. The Dead Sea may thus be considered a stratified water body, based on 44 available data sets
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on potential temperature, quasi-salinity, and potential density. These data indicate that the depth of the upper layer
of the Dead Sea is about 10% of the maximum depth; defined as the average between June 1998 and December
2007 at the Ein-Gedi 320 station (see Figure 1) (after ISRAMAR, 2009).
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Fig. 1. Potential temperature, quasi-salinity, and potential density of the Dead Sea based on averages from

June 1998 to December 2007 at the Ein-Gedi 320 station (Aljaradin, 2011)

Table 2. Elemental analysis of water from the Dead Sea, the Jordan River, and the Mediterranean Sea

concentration are expressed as g/l, (Bentor, 1969; 1961; Katz et al., , 1981; Abu-Khader, 2006; VVengosh
and Rosentha, 1994; Gavrieli et al., 2005)
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Ref. River Sea
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Cl 228.6 219.25 180.8 | 208.0 | 224.0 | 216.0 0.474 23.46 22.90
Mg 47.1 42.43 3450 | 41.96 44.0 425 0.071 1.558 1.490
Na 34.3 39.70 33.50 | 34.94 40.1 34.3 0.253 13.34 12.70
Ca 18.3 17.18 13.00 | 15.80 | 17.65 17.1 0.080 0.685 0.470
K 8.0 7.59 6.30 7.56 7.65 6.65 0.015 0.466 0.470
Br 5.4 5.27 4.10 5.92 5.30 0.004 0.086 0.076
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2. MATERIALS AND METHODS

An experimental salt-gradient solar pond was constructed at the Dead Sea area at the Jordanian part (see Figure
2) over a period of 12 months. The pond has a volume of 5 m® with an effective length, width and depth of 2.0m,
2.0m and 1,25m, respectively. To provide maximum solar radiation the pond was constructed with a black thermal
plastic in 3 mm thickness and its bottom and sides were insulated by two layers of glass-wool with thickness of
1*10°m (see Figure 3). The pond temperature was measured at different levels spaced 0, 15, 30, 60, 90, 120 cm
from surface to the lower layers of the pond using highly accurate sensors with accuracy of +£0.1°C for temperature

range of 0-120 °C. The temperature data was recorded using data logger every 30 minutes. The salinity was

measured using portable conductivity meter; the measured data were transferred to computer in a daily basis.

T
35°30° }

Salt.pans
N

3

5 10 km

Fig. 2. Dead Sea area, location of solar pond

The pond was filled with Dead Sea water as it is about 9 times saltier than the ocean. A salt-gradient solar pond
has three zones. The top zone is so called the surface zone, which is at nearly atmospheric temperature and has little
salt content. The bottom zone is the hottest and is very salty. This zone collects and stores solar energy in the form
of heat and is, therefore, known as the storage zone (Eckstein, 1970). These two zones are separated by the gradient
insulation zone. Within this zone the salt content increases as depth increases, thereby creating a salinity or density
gradient. Water in a particular layer of this zone cannot rise, as the above layer has less salt content and cannot fall

as the water layer below is heavier.
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Fig. 3. Construction of experimental salt-gradient solar pond

Despite this significant amount of energy, the overall temperature of an ordinary pond remains uniform
throughout the pond due to density driven gradients activated by convection heat transfer within the pond. In such
ponds the energy going into the water at the bottom of the pond and gets wasted away because the water at the
certain depth attains thermal equilibrium by mixing with heavy and colder water in the upper layer of the pond and
forming a natural circulation loop. In this loop lighter but hotter water rises to the upper surfaces of the pond and the
heavier but colder water at the upper surface moves down at the bottom of the pond (Mazidi et al., 2011). Thus the
solar energy in the pond spreads out and the average temperature of the water in the natural pond does not change
more than few degrees from the ambient temperature.

However, in case of a solar pond, a method is devised such that the hot water in the bottom layers remains
heavier than the cold water at the upper layers and therefore does not form a convection circulation loop to rise up.
Thus, when the solar energy is incident upon the solar pond, it is trapped in the hot bottom layers, called lower layer
of the pond. To achieve heavier (increased density) water in the bottom of the pond, sodium chloride was added to
the bottom layers of the pond to increase the density of water at the bottom. The salt concentration is gradually
decreased in the preceding upper layers (Tejas et al., 2013). The top layer has the least concentration of salt to
achieve a perfect solar pond containing several intermediate layers of water with gradually increasing density from
the top to the bottom layers of the pond. So the hot water at bottom of the pond is preserved through the formation
of different convective zones, in the form of a thermal energy reservoir, this thermal energy can be extracted using
different types of heat exchangers utilities (Aizaz and Yousaf, 2013).
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3. RESULTS AND DISCUSSION

As a result of this study, temperature was measured in different layers of the solar pond, this result show that
the bottom layer has a higher temperature and it reached a maximum temperature of 85 °C. The salinity and
temperature profile with respect to the depth of the pond is presented in (Figure 4).

As it can be seen in (Figure 4), the salinity was higher in the bottom of the pond most of the experiment time.
The saline water moved to the lower layer of the pond where the temperature reaches the highest point after 100
hours of operating. Thermal insulation played a major role for the successful operation of the pond that was used in
this experimental work. This insulation is lowering the heat losses due to conduction through the thermal insulated
boundary walls. However, this is due to relatively small dimensions of the pond and to the methodology adapted for
the thermal insulation. Based on this, the estimated temperature drops during the period with no solar radiation, it is
possible to extract the thermal energy stored in the bottom zone during the day time, continuously, while
maintaining the stability of the solar pond.
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Fig. 4. The salinity and temperature profile with respect to the depth of the pond

Extraction of thermal energy (hot water) in the lower layers of the pond can be easily accomplished without
disturbing the concentration gradient in the upper zone. This was achieved by installing the water outlet at the same
height as the water inlet. Hot brine can be withdrawn and cold brine returned in a laminar flow. Considering the
huge amount of salt produced in the Dead Sea area from its water, the market price for the salt used which is to be
around $15/ton (price in 2013). The total cost of the pond was about $35/sqm and the cost of the salt represent 45%
of the total cost of the solar pond. Therefore, constructing the ponds close to the Dead Sea area is a good alternative
and economical option. The cost of solar pond is much less than that of the conventional flat plate collectors which
is about $130/sqm (price in 2015).

The cost of solar pond is however; strongly dependent upon site specific factors and parameters such as local
cost of salt and the initial installation cost (heat exchangers and pipes), operation cost, maintenance cost and

pumping loses that associated with the heat transfer fluid. Also, the thermal performance is dependent on the site
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specific factors such as solar radiation, ground thermal conductivity and water table depth. This low cost of thermal
energy could be a valuable option of desalination in practically for multistage flash desalination plant that work
below 100 °C .

4. CONCLUSIONS

In this study, the operation of the pond reveals that significant amount of solar energy can be stored in pond which
can be extracted through the installation of heat exchangers and can be used for several purposes. Thermal
performance of the salt- gradient is artificially established in the pond with sodium chloride salt. As observed, a
considerable amount of incident solar radiation can be trapped and stored as heat energy at pond at a long time
period which can be additional source of energy. Utilizing energy from solar ponds in Jordan will help the country
meet the energy requirements and the increasing demand on energy.

Solar pond technology is a viable option, both technically as well as economically for countries such Jordan as
it will provide clean energy and also reduces their energy bill significantly along with small payback period.
Besides, it would be economically viable in a large commercial scale investment. Solar pond technology (spatially
small size ponds), cheaper than other non-renewable energy sources, may still be a valuable option especially in
circumstances where the unit cost of power is very high and access to a power grid is limited and for communities
that prefer alternative renewable energy sources. The effect of the wind on the solar radiation, wall shading effect as
well as the variation of the thermo-physical properties of saline with temperature and concentration was not

discussed in this research, longer operating time, therefore, further study is recommended.
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