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Abstract: Salinity gradient solar ponds (SGSPs) provide a tremendous way to col-
lect and store solar radiation as thermal energy, and can help meet the critical need
for sustainable ways of producing fresh water. However, surface evaporation
results in the loss of both water and heat. This study therefore theoretically inves-
tigates the effect on temperatures within an SGSP when its surface is covered with
a layer of air encased in a nylon bag. An earlier SGSP model was slightly mod-
ified to add the air layer and to estimate the temperature distributions of the upper
layer or the upper convective zone (UCZ) and the bottom layer or lower convec-
tive zone (LCZ). The results for a year-long period showed that adding the air
cover increased the LCZ temperature to a maximum of 94°C in July, with a total
average increase of about 9% over the uncovered pond. In the UCZ, temperatures
showed an average increase of approximately 45%, reaching a maximum of 34°C.
The temperature of the air layer was meanwhile found to be close to the ambient
temperature and behaved identically. These findings invite future experimental
and theoretical investigations into the use of air layers to prevent surface evapora-
tion, thereby enhancing the efficiency of SGSPs as a source of clean energy.
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Nomenclature
Aair: Surface area of the air bag containing the air (m2)
ALCZ : Surface area of the LCZ (m2)
AUCZ : Surface area of the UCZ (m2)
a: constant
b: constant
cpair: Air heat capacity (J/kg K)
cpLCZ : Heat capacity of water in the LCZ (J=kg K)
cpUCZ : Heat capacity of water in the UCZ (J=kg K)
hc: Convective heat transfer coefficient from the UCZ to the air layer (W/m2 K)
hcair: Convective heat transfer coefficient from the air bag to the air (W/m2 K)
h1: Heat transfer coefficient between the NCZ and the UCZ (W/m2 K)
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h2: Heat transfer coefficient between the LCZ and the NCZ (W/m2 K)
h3: Convective heat transfer coefficient at the boundary between the storage zone and the surface at the

bottom of the pond
h4: Convective heat transfer coefficient at the surface of the ground water sink
kg: Thermal conductivity of the ground under the pond (W/mK)
Kw: Thermal conductivity of water (W/m K)
Qbottom : Heat loss to the ground through the base of the pond (W/m2)
Qcond : Conductive heat loss from the surface of the UCZ to the air layer (W/m2)
Qconv airð Þ: Heat loss by convection from the surface of the air layer (W/m2)
QI : Incident solar radiation (W/m2)
Qload : Heat extraction from the LCZ (W/m2)
QRLCZ : Solar radiation entering and stored in the LCZ (W/m2)
QRi: Solar radiation entering the UCZ (W/m2)
QRo: Solar radiation exiting the UCZ (W/m2)
QRUCZ : Solar radiation absorbed in the UCZ (W/m2)
Qrad : Radiation heat loss from the surface of the air layer to the atmosphere (W/m2)
Qstored : Heat stored in the LCZ (kJ)
Quconv: Heat loss by convection from the surface of the UCZ to the air layer (W/m2)
Que: Heat loss from the surface of the UCZ by evaporation (W/m2)
Qw: Walls heat loss of the pond (W/m2)
Ta: Ambient temperature (°C)
Tair: Temperature of the air inside the nylon bag (°C)
Tk : Sky temperature (K)
TLCZ : Temperature of water in the LCZ (°C)
TUCZ : Temperature of water in the UCZ (°C)
DT : Temperature difference (°C)
t: Time (month)
Ut: Overall heat transfer coefficient (W/m2 K)
v: Wind speed (m/s)
Xair: Thickness of the air layer (nylon bag) covering the UCZ (m)
XLCZ : Depth of the LCZ (m)
XNCZ : Depth of the NCZ (m)
XUCZ : Depth of the UCZ (m)
xg: Distance of the water table from the bottom of the pond (m)
g: Efficiency
E: Emissivity of water
r: Stefan-Boltzmann constant (5:673 � 10�8 W/m2 K4)
qair: Air density (kg/m3)
qLCZ : Density of water in the LCZ (kg/m3)
qUCZ : Density of water in the UCZ (kg/m3)

1 Introduction

The significant increase in global demand for energy has led scientists and companies to seek sustainable
and clean sources of renewable energy, especially by harnessing solar power. Solar ponds are an inexpensive
technique to capture and efficiently store incident solar radiation, and offer a viable solution to the quest for
reduced dependence on fossil fuel. Salinity gradient solar ponds (SGSPs) have been widely constructed and
have been the focus of considerable investigation [1–6]. It is a simple and inexpensive technology that can
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provide thermal energy throughout the year—even in winter—particularly for industries and uses that require
only a temperature below 100°C to function [7–14].

Of the various industrial applications that can be coupled to SGSPs, water desalination is one of the
highest-energy consumption processes—but is also among the most significant [15]. There is a critical
need for affordable, clean and sustainable energy resources that are suitable for supplying heat for the
production of fresh water. In the climates in which solar energy applications are deployed, solar ponds
can potentially provide enough heat to drive different desalination processes, and can do so efficiently
and cost-effectively [16–21]. Many studies have recommended further research on the development of
thermal storage and particularly the use of renewable [22,23]. It is therefore vital that SGSPs are fully
understood in order to maximise their potential use. This includes the need for further investigation of
ways to reduce surface evaporation, which is the main focus of the present study.

An SGSP is a body of water designed for the collecting and storing incident solar radiation. Commonly
SGSP build with a depth of between 2 and 5 m, with vertical variations in salt concentrations to suppress
natural convection [24]. It has three distinct zones: the upper convective zone (UCZ), non-convective
zone (NCZ) and lower convective zone (LCZ). The UCZ or surface zone is commonly made from local
fresh water or low salinity brine; it is mainly homogenous, and makes the pond more stable. Below it, the
NCZ has a vertical salinity gradient (concentration gradient) within the layer; in other words, the salt
concentration increases from the top to the bottom of the zone. In SGSP technology, natural convection
currents are suppressed by the salinity gradient in the NCZ, ensuring that heat loss from the LCZ to the
UCZ and finally to the atmosphere occur only by the mechanism of conduction. The LCZ, at the bottom
of the pond, has the highest salinity or salt concentration. The layer (LCZ) is designed to collect and
store the absorbed solar radiation.

Evaporation is a vital difficulty and affects the performance and viability of SGSPs. Reducing or even
eliminating this surface evaporation potentially decreases the amount of water required to maintain the pond,
as well as decreasing heat loss. Sayer et al. [25] theoretically investigated the amount of heat lost from the top
surface of the UCZ of an SGSP, concluding that heat was lost mainly through evaporation from the surface.
The collected results demonstrated that suppressing evaporation from the UCZ of the pond might potentially
increase the temperature in both the UCZ and LCZ. Sayer et al. [26] investigated the addition of a very thin
layer of paraffin liquid to the surface of an SGSP to eliminate evaporation. The layer successfully eliminated
evaporation; however, it was also observed that, whereas the addition of paraffin layer had no effect on the
salinity gradient of the NCZ throughout the study period, there was a significant change in the temperature
profile to be approximately uniform throughout the water body of the pond after about 50 days. Dust had also
accumulated on top of the paraffin layer. Adding paraffin to the surface could therefore negatively affect the
penetration of solar radiation to the bottom of the pond, and could also have negative environmental
consequences; consequently it was considered that more environmentally friendly alternatives were worthy
of investigation. Ruskowitz et al. [27] experimentally observed that suppressing surface evaporation from an
SGSP led to an apparent improvement in the temperature of the LCZ. It was also concluded that there was
a drop in the amount of heat lost to the atmosphere; simultaneously, temperatures of the UCZ and the top
layers of the NCZ increased significantly. Many other studies have also confirmed that evaporation has a
significant and negative effect on SGSP performance [1–3]. Arid areas with noticeable or high evaporation
levels would lose more heat and water to the atmosphere than other regions. The elimination of this loss
presents probably the most difficult challenge for researchers to address. The prevention of evaporation
from the surface of SGSP would also remarkably enable SGSPs to be utilised in places with water
shortages, where the water needed for the replacement of the UCZ is reduced.

The suppression of evaporation from an SGSP in laboratory conditions was also investigated by
Ruskowitz et al. [27]. Three types of transparent plastic covers were used. The results showed that
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evaporation decreased by 47%, while the temperature of the LCZ increased by 26%. Another useful
experimental study was carried out by Assari et al. [6] over a three-month period in summer in the
Iranian city of Dezful: evaporation decreased significantly when a plastic cover was used, and the LCZ
temperature was enhanced.

The present study theoretically investigates the elimination of evaporation from the surface of an SGSP
by covering it with a layer of air, and studies the temperature changes in the air cover and the upper and lower
convective zones. It introduces theoretical data in which this method has suppressed evaporation to a high
degree with no negative influence on the environment. Practically, the new approach using the air layer is
easier than using a thin covering of liquid, which presents difficulties in essential maintenance tasks such
as washing and replenishing the UCZ. An air cover also reduces the effect of wind on the UCZ, which
cannot be achieved with the liquid cover. Furthermore, air is transparent, environmentally friendly and
has very low density, and the air cover (bag) can easily float on water. The study was based on the model
developed by Sayer et al. [25], which had previously been verified by comparison with experimental
data, and were modified to include the air layer.

2 Mathematical Formulation

This paper used a modified version of the model developed by Sayer et al. [25] to predict variations in
the temperatures of the different zones within a solar pond as a result of introducing an air layer floating on
the top of the UCZ, as shown in Fig. 1.

2.1 Air Layer
The air layer covering the UCZ was considered to comprise a nylon bag filled with air of 0.1 m

thickness, as represented schematically in Fig. 2. For simplification, several assumptions were made in
developing the overall energy equation of this layer, as follows: (i) it was assumed that no solar radiation
has accumulated in the air layer; (ii) conduction heat transfer through the nylon was neglected; (iii) it was
assumed that the cover suppressed 80% of surface evaporation; Ruskowitz et al. [27] found that covering
around 80% of the surface area of the pond was the efficient method to achieve the maximum LCZ
temperature; and there is no change in the physical properties with the temperature change; and (iv) it
was assumed that the walls of the pond were well insulated (i.e., there was no heat loss through the walls).

UCZ

(
)

Air layer

Figure 1: Schematic of UCZ with air layer on top
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The heat balance equation of the air layer would be expressed as below:

raircpairAairXair
dTair

dt
¼ ½Quconv � Qconv airð Þ � Qrad� (1)

The symbols Quconv and Qconv airð Þ represent respectively the heat loss by convection from the surface of
the UCZ to the air layer, and that from the surface of the air layer to the atmosphere. They are given as:

Quconv ¼ hcAUCZ TUCZ � Tair½ � (2)

Qconv airð Þ ¼ hcairAair Tair � Ta½ � (3)

hcair ¼ 5:7þ 3:8 v (4)

where hc and hcair are respectively the convective heat transfer coefficients between the UCZ and the air layer
(hc ¼ 5:7; because the effect of wind speed is neglected), and between the air layer and surrounding air
(atmosphere) [28]. Qrad represents the radiation heat loss to the atmosphere, and is given as:

Qrad ¼ seAair T4
air � T4

k

� �
(5)

In Eq. (5) s represents the Stefan-Boltzmann constant and e is the water emissivity (0.83) [15]. The
symbol Tk represents the temperature of the sky and it is computed as [25]:

Tk ¼ 0:0552T1:5
air (6)

2.2 Upper Layer (UCZ)
Fig. 3 shows the UCZ of the pond. As it had been supposed that 80% of evaporation was being

prevented, only 20% of evaporation heat loss was considered. It was considered that this level of
evaporation could occur through spaces among the air bags.

The energy conservation equation of the UCZ can be given as:

rUCZcpUCZAUCZXUCZ
dTUCZ

dt
¼ QRUCZ þ Qcond � Quconv � Que � Qw (7)

The walls of the ponds were considered to be well insulated (no heat loss, Qw ¼ 0). Eq. (7) is therefore
can be expressed as:

Q
conv(air)

Q
uconv

Q
rad

Figure 2: Schematic of the air layer
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rUCZcpUCZAUCZXUCZ
dTUCZ

dt
¼ QRUCZ þ Qcond � Quconv � Que (8)

In Eq. (8), QRUCZ is the absorbed solar radiation in the UCZ. It can be calculated as:

QRUCZ ¼ QRi � QRo (9)

where QRi represents solar radiation that enters the UCZ and QRo is the solar radiation that leaves it.

The incident radiation can also be computed or recorded from data available in climatological stations
from the location of a pond. In this study, NASA climatological data was used [29] to calculate QRUCZ using a
simple expression was used as [8]:

hx ¼ QRi a� blnxð Þ (10)

where a = 0.36, b = 0.08, and x is the depth of the water layer (in metres); it was claimed that the formula was
valid for water depths from 0.01 and 10 m [8]. The symbol hx is the quantity of solar radiation in any depth of
water. That means Eq. (10) can be written as:

hx ¼ QRi 0:36� 0:08lnxð Þ (11)

In the present study, Eq. (11) was used to calculate the solar radiation absorbed in the water body of the
pond. Hence Eq. (9) becomes:

QRUCZ ¼ QRi 1� 0:36þ 0:08lnXuð Þ (12)

Conduction heat transfer from the LCZ to the UCZ is calculated as below [26]:

Qcond ¼ UtAUCZ TLCZ � TUCZ½ � (13)

where TLCZ and TUCZ represent respectively temperatures of the lower convective zone (LCZ) and the upper
convective zone (UCZ). The symbol Ut is the overall heat transfer coefficient; it is calculated as [25]:

Ut ¼ 1
1

h1
þ XNCZ

kw
þ 1

h2

(14)

In Eq. (14), h1 and h2 are respectively the convective heat transfer coefficients between the NCZ and the
UCZ, and between the LCZ and the NCZ. Values of h1 and h2 were given respectively as 56.58 and 48.279
W/m2 K [7]. The symbol kw represents the thermal conductivity of water: its value was given as 0.596 W/m
K [7]. The symbol XNCZ represents the depth of the NCZ.

Eq. (13) can be written as:

Qcond ¼
AUCZ TLCZ � TUCZ½ �
1

h1
þ XNCZ

Kw
þ 1

h2

(15)

The evaporation heat loss was calculated using the equation of [18]:

Que ¼
�hc pUCZ � pa½ �

1:6Cspatmð Þ½ �
� �

AUCZ (16)
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where � is the latent heat of vaporization; and Cs is given in kJ/kg and represents the humid heat capacity of
air. The definitions and values of the variables of Eq. (16) were given in Sayer et al. [25].

2.3 Lower Convective Zone
Fig. 4 illustrates schematically the storage zone or the LCZ of the pond.

It was supposed that there was no load (no heat extraction) from the LCZ and consequently the zone was
storing solar radiation as thermal energy. It was also considered that there was heat loss from the top and from
the bottom (to the ground), but no heat loss to the atmosphere from the walls of the considered pond. The heat
balance equation of the LCZ can be described as:

rLCZcpLCZALCZXLCZ
dTLCZ

dt
¼ QRLCZ � Qcond � Qbottom � Qload � Qw (17)

Considering the assumptions of no heat extraction (no load, Qload ¼ 0) and no heat loss through the
walls of the pond (Qw ¼ 0), Eq. (17) converts to:

rLCZcpLCZALCZXLCZ
dTLCZ

dt
¼ QRLCZ � Qcond � Qbottom (18)

UCZ

Figure 3: Schematic of the upper convective zone

LCZ

Figure 4: Schematic of the LCZ
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To calculate Qbottom, the following equation is used:

Qbottom ¼ UgroundAb TLCZ � Tg

� �
(19)

where Uground represents the overall heat transfer coefficient to the bottom (the base of the pond); this is
taken [25] as:

Uground ¼ 1
1

h3
þ xg
kg

þ 1

h4

(20)

In Eq. (19), Ab represents the area of the base of the pond which is in contact with the ground; h3 is the
convective heat transfer coefficient at the barrier between the storage zone and the surface at the bottom of the
pond; and h4 is the convective heat transfer coefficient at the surface of the ground water sink. The values of
h3 and h4 are 78.12 and 185.8 W/m2 K respectively [7]. Eq. (19) is written as:

Qbottom ¼ Ab TLCZ � Tg

� �
1

h3
þ xg
kg

þ 1

h4

(21)

The solar radiation absorbed in the LCZ (QRLCZ) has been computed by the use of Eq. (10) as:

QRLCZ ¼ QRið0:36� 0:08ln XUCZ þ XNCZð Þ (22)

3 Results and Discussion

Eqs. (1), (8) and (18) have been solved using MATLAB. The initial values of the unknown temperatures
Tair, TUCZ and TLCZ were given to solve these equations. The values of the constants (rUCZ, rLCZ, cpUCZ,
cpLCZ, h1, h2, h3, h4, kw, and Tg) were taken from [25]. The values of xg and kg are dependent on the
nature of the soil under the base of the pond; their values were given in [30]. The pond was considered to
be in Nasiriya City, Iraq, and was considered to have dimensions of 1 × 1 × 1.5 m with layer depths of
0.2, 0.8 and 0.5 m for the UCZ, NCZ and LCZ respectively.

3.1 Temperature of the Lower Convective Zone
The temperature profile along a year of the LCZ is shown in Fig. 5. This figure clearly shows a

continuous increase in the LCZ temperature between January (during the winter) and July (during the
summer). To demonstrate the influence of the incident solar radiation on the LCZ temperature, its profile
was plotted against time, as also illustrated in Fig. 5.

It is apparent that the behaviour of the LCZ temperature is similar to that of the incident solar radiation.
The solar radiation increases from winter towards summer, reaching its maximum level in June, followed by
a continuous decrease towards its minimum level in December. Fig. 5 also shows that the maximum
temperature of the LCZ was in July around 94°C, a month after the peak in solar radiation, which might
be due to the accumulation of thermal heat in the LCZ, shifting the maximum value from June to July.
After this point, the LCZ temperature shows a regular decrease towards its minimum level in December.
Sayer et al. [26] concluded that incident solar radiation significantly affected evaporation from the surface
of the SGSP: their results showed that evaporation increased with the increase of solar radiation. It was
also concluded that further increases in solar radiation led to further increases in the LCZ temperature.
This finding has been confirmed by many other researchers [31,32]. However, Sayer et al. [26] also found
that evaporation was influenced significantly (negatively) by the increase in ambient temperature, which
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increased as incident solar radiation increased. Their results also demonstrated that the temperatures of the
UCZ and LCZ followed the behaviour of the incident solar radiation and ambient temperature.

A comparison between LCZ temperatures in the covered and uncovered (conventional) ponds is shown
in Fig. 6. It is clear from Fig. 6 that the LCZ temperature in the covered pond was mostly higher than in the
conventional pond during all 12 months of the study year. The difference was about 6°C from March to
December, and the maximum LCZ temperature in the covered pond reached 94°C compared with around
88°C in the conventional one. The results showed an average increase in LCZ temperature of about 9%.
The LCZ temperatures in both ponds were shown to behave identically during the study period: both of
them steadily increased, attained their maximum value in July, and then steadily decreased to reach their
minimum values in December.

3.2 Temperature of the Upper Convective Zone
The UCZ temperature distributions for both the covered and conventional ponds are shown in Fig. 7. It

can be seen clearly from Fig. 7 that the addition of the air cover had a positive influence on the temperature of
the UCZ. Temperature of the layer (UCZ) in the covered pond increased over time to reach a maximum value
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in July of more than 10°C above that of the uncovered pond, which achieved its maximum in in June. The
UCZ temperature in the covered pond increased by approximately 47% over the levels achieved in the
conventional pond, reaching around 34°C between May and September. It has previously been suggested
that the UCZ absorbs about 45% of the incident solar radiation [9], energy which is lost again to the
environment, mainly by evaporation. Suppressing or diminishing surface evaporation means that the
absorbed radiation is captured as thermal heat in the UCZ, increasing its temperature and potentially
converting it to a new thermal storage zone. The results of the present investigation agree with the
conclusions of many previous studies [26,27,31].

3.3 Temperature of the Air Cover
The temperature of the air cover is presented in Fig. 8, which also shows the temperature of the UCZ and the

ambient temperature. It is evident from Fig. 8 that throughout the one-year period of the study, the temperature of
the air cover was close to the ambient temperature. There is a gap between the UCZ temperature on the one hand,
and the temperatures of both the air cover and the ambient temperature on the other.
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It can be seen from Fig. 8 that for months June to September, the ambient temperature is higher than the
UCZ temperature. Consequently heat could be transferred from the atmosphere to the UCZ by the
mechanism of convection. Same behavior was observed by Sayer et al. [25] and Huanmin et al. [33].

Finally, to evaluate the efficiency of the two solar ponds (covered and uncovered), the stored energy as
heat in their LCZ is calculated and compared using the following equation:

Qstored ¼ rLCZcpLCZALCZXLCZDTLCZ (23)

where DT represents the temperature difference in the LCZ, and (rLCZALCZXLCZ) water mass of the LCZ.

Fig. 9 illustrates the variation of the stored energy in the LCZ of the two ponds with time when there was
no heat extraction from the two ponds. It is obvious from Fig. 9 that heat stored in the LCZ of the two ponds
is following the behaviour of the incident solar radiation and hence the temperature profile of the LCZ (see
Fig. 6). In both ponds, energy stored increases gradually with the time progress, reaches its maximum value
at June (at summer), and then regularly decreases and come to its minimum value at November (at winter).
This could be simply justified according to the principle of energy balance as manifested in Eq. (23). Where
with the same mass of the working fluid (water) and initial temperature of the two ponds, the effective
parameter that can determine the amount of energy stored in the LCZ is the final temperature of the LCZ.
Therefore, it is apparent from Fig. 9 that the energy stored in the covered pond is higher than that of the
uncovered pond (conventional) during the period of the study due to the clear difference of the time
dependent LCZ temperature as pointed out by Fig. 6. However, the maximum difference of the stored
energy in the LCZ between the covered and uncovered pond was about 9.6% at June (summer).

Additionally, efficiency of the two ponds can be calculated according to the following equation:

g ¼ Qstored

QI
(24)

where QI is the incident solar radiation on the top surface of the covered and uncovered ponds.

In according to Eq. (24), the efficiency of the covered pond was found to be higher than the uncovered
pond by about 4% (as a maximum). However, the efficiency was calculated when no heat extraction was
considered. In this case, the temperature of the LCZ increased to reach the highest value where a balance
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between heat gain and heat loss is sustained. Consequently, the difference in efficiency of the two ponds is
convergence. On the other hand, when the heat is continuously extracted from the pond, the temperature is
decreased with time and due to the large temperature difference, it will absorb more solar radiation so that to
substitute the removed heat. In this case the efficiency of the pond would be meaningful.

4 Conclusion

This study has aimed to compute the temperatures of the LCZ, UCZ and air layer of a covered salinity
gradient solar pond. It was considered that the pond was covered with an air cover with a thickness of 0.1 m
to eliminate surface evaporation. The pond was considered to be in Nasiriya City, Iraq, with a surface area of
1 m2 and a total depth of 1.5 m, made up of layers that were respectively 0.5, 0.8 and 0.2 m deep for the LCZ,
NCZ and UCZ, respectively. Temperatures of the UCZ and LCZ in the covered pond were seen to increase by
47% and 9% respectively over those in the uncovered pond. It was also observed that the temperature
patterns of the covered pond behaved identically to those of the conventional pond. In addition, the
stored energy as heat in the LCZ and efficiency of the covered pond was found to be higher than the
uncovered pond by about 9.6% and 4% (as a maximum) respectively. The findings of this investigation
invite more studies in this field.
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