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This paper deals with the modelling of solar ponds for different sizes to calculate 
saturation time and temperature by using discrete ordinates method. The modeled 
solar pond is a subsoil type and aimed to minimize the heat losses by isolating side 
wall and ground with foam with the thickness of 10 cm in all cases. In the model, up-
per convective zone is 10 cm deep and non-convective zone consists of five layer and 
each layer is 10 cm deep and storage zone depth ranges from 40-400 cm. Therefore, 
the solar pond totally consists of seven layers. The saturation temperature was found 
to be about 322 K for 12 different solar pond. For a depth of 40 cm, the equilibrium 
temperature was reached in 1000 hours, 1300 hours for 60 cm, 1400 hours for 80 
cm, 1500 hours for 100 cm, 1600 hours for 120 cm, 1750 hours for 1140 cm, 1800 
hours for 180 cm, 2700 hours for 200 cm, 1800 hours for 250 cm, 3400 hours for  
300 cm, and 6000 hours have passed for 400 cm. As the depth increases, time to 
reach to the equilibrium temperature increases but increment amount of water and 
time to reach equilibrium temperature shows a proportional increase. At the same 
time we calculated that, when we increase the width of the pond by keeping the 
depth constant, the saturation temperature and the time did not changed for the 
seven different cases.
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Introduction 

The importance of energy demand has been increasing with the reducing energy 
sources and increasing prices. Furthermore, the global warming effects our lives adversely in 
each passing day. In the other hand, in order to reduce external dependence for energy demand, 
it is necessary to generate from domestic sources. In this case, RES are an alternative way to 
conventional energy sources. There are many RES such as solar, wind, geothermal, etc. Solar 
energy is the most important of these energy resources. Solar energy systems are used in many 
purposes such as direct electricity generation, heat storage, heating and cooling systems. The 
development of solar systems covering part of the thermal energy required in the residential 
sector is a viable option for reducing fossil fuel use and might solve an important part of the 
energy problems [1].

Solar ponds are one of the systems in which solar energy is stored as heat. This 
system is very useful for medium temperature applications with simple installation, and also 
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low installation and low maintenance costs. This system can be used for electricity gener-
ation, heating of greenhouses and swimming ponds, distillation of salt water, and drying 
food, etc. Many experimental and theoretical studies on the performance of solar ponds have 
been carried out. Various transparent cover systems, reflective surfaces, different insulation 
parameters, integrated with systems, etc. were proposed to increase the thermal performance 
of the solar pond [2-5]. Bozkurt et al. [6] have studied on increasing the performance of the 
solar pond. Solar pond integrated with collector system were constructed to calculate the 
solar pond efficiencies according to the number of collectors. The effect of the transparent 
covers were investigated to increase the light transmission through the transparent cover 
and also decrease the heat losses to air from the upper zone of the pond [7]. The effect of 
the sunny area ratios were studied on thermal efficiency of model solar pond for different 
cases [8]. An experimental magnesium chloride with saturated solar pond was constructed 
for experimental investigations, and its performance was investigated and evaluated through 
energy and exergy efficiencies [9]. Ganguly et al. [10] investigated the thermal performance 
of the pond with the method of adding heat to a salt gradient solar pond from evacuated tube 
solar collectors. Heat addition from the external source enhances the thermal performance 
of solar pond in terms of heat recovery and thermal efficiency with certain constraints. Sayer 
et al. [11] investigated the influence of varying the thicknesses of the zones on temperatures 
change. The temperature of heat storage zone (HSZ) has a considerable impact on the optimal 
thicknesses of the upper convective zone (UCZ) and the non-convective zone. Akrour et al. 
[12] investigated the effect of thermodiffusion on the stability of a gradient layer to clarify 
the mechanisms of fluid dynamics and the processes in a salinity gradient solar pond. Alcaraz 
et al. [13] evaluated a 500 m2 industrial solar pond in Granada, Spain, during an event of ex-
treme weather conditions of snowfall during the winter. Sayer et al. [14] studied the feasibil-
ity of the gel pond and compared salt gradient solar pond with gel solar pond. Montala et al. 
[15] developed a methodology to study the stability of the industrial solar pond. Two different 
methodologies based on the stratification principle were adapted and used to determine the 
stability of the solar pond. 

Many studies have been performed about solar ponds with different sizes and fea-
tures. For all that, there have not been any investigations on the modelling of solar ponds 
for different sizes to calculated saturation time and temperature. This was in fact the key 
motivation behind the present work. The solar pond temperature reaches a certain maximum 
temperature value depending on the solar energy. After this saturation temperature, the tem-
perature becomes stable and no increase is observed. By determining the maximum satura-
tion temperature and time of the solar pond, the performance of the pond can be increased 
by withdrawing heat from the pond. In this work, 12 solar ponds with different depth were 
simulated. The saturation time and temperature of the solar ponds were investigated for dif-
ferent dimensions. At the same time, seven different solar ponds were modeled to determine 
the saturation temperature and the time duration when we increase the width of the pond by 
keeping the depth constant.

Modelling of solar pond and its structure 

Solar ponds collect solar energy and are capable of storing heat energy for a long time. 
Solar ponds usually consist of three zones. The bottom of the solar pond is called HSZ. This 
zone was formed with high density salty water. The second zone is called non-convective zone 
(NCZ). This zone consists of several layers, where density decreases from HSZ to the surface 
of the pond. The surface zone of the solar pond is called UCZ [16].
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The interaction of solar radiation with the solar pond continues from the surface of the 
UCZ to the HSZ. Some of the solar radiation coming to the surface is absorbed by the salty lay-
ers and some is scattered in different directions. The vast majority of the remaining part trans-
mitted to a substrate without being absorbed. In addition, some of the absorbed light is emitted 
around by means of radiation. Interaction continues in the same way as it passes from each 
upper layer to a lower layer. Radiation is another heat transfer method that should be consider 
in addition conduction and convection. Polished materials has emissivity less than 0.1 whereas 
other materials such as dark surface, plastic, skin, paper, and ceramic have an emissivity more 
than 0.8. Let I(Ω) represent radiative intensity incident on the surface and three different kind of 
interaction are expected to observe. These are absorption, emission and scattering. The medium 
absorb a part of radiation depend on absorption coefficient, κ, and the medium emit some part of 
radiation in all direction. Part of incoming radiation is scattered in other directions. The general 
incoming solar radiation transfer equation can be represented [17, 18]:

( ) ( ) ( ) ( ) ( )
4

0

, d
4
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bI I T I I

σ
Ω Ω κ β Ω Ω φ Ω Ω Ω′ ′ ′∇ = − +
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where I(Ω) is the radiative intensity at a given position, κ, – the absorption, β – the extinction, 
and σs  – the scattering coefficients, Ib(T) – the blackbody radiative intensity, φ(Ω′, Ω) – the scat-
tering phase function, σ – the Stefan-Boltzmann constant, and T – the  temperature. Interaction 
of incident radiation with solar pond was simulated by solving eq. (1) for each mesh point. Heat 
lost in the side wall and ground surface mainly happened by conduction. Heat transfer equation 
in these part can represented [19]:
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where Cp is the specific heat capacity, u→trans – the  velocity vector of translational motion,  
S – the second Piola-Kirchhoff stress tensor. On the surface, heat lost mainly happened by natu-
ral-convection. The convective heat flux on the open surface is proportional to the temperature 
difference between UCZ zone and the air. Mathematical representation of convective heat flux 
is described [20]:

extn q ( )h T T− ⋅ = −
 

(3)
where h is a heat transfer coefficient and Text – the temperature of the external fluid far from the 
boundary. The h is depend on material properties, surface temperature and also fluid-flow rate. 
For radiation discretization method S4 type discrete ordinate method was employed. Some other 
heat transfer constant were used from COMSOL library. The modeled solar pond is a subsoil 
type and it was aimed to minimize the heat losses by isolating side wall and ground with foam 
with the thickness of 10 cm in all cases. In the model, UCZ is 10 cm deep and NCZ consists 
of five layer and each layer is 10 cm deep. Therefore, the solar pond totally consists of seven 
layers. The model solar pond was simulated with the help of the commercial COMSOL program 
by using discrete ordinates method. For the current study direct solver PARDISO with nested 
dissection multithreaded preordering algorithm was used. The mesh distribution for the model 
is shown in fig. 1. Mesh density was increased at the point where temperatures were calculated. 
For all models, the most consistent results were calculated when extremely fine mesh type was 
chosen. The way the solar radiation incident to the surface of the pond was modeled as which 
is coming from both upper corners. The interaction of solar radiation with the pond was mod-
eled and is shown in fig. 2. As seen, the rays are absorbed while passing through the layers and 
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the intensity is reduced. The heat flux of the sur-
faces and inner zones of solar pond is shown in  
fig. 3. Computational conditions are given in tab. 
1 for this model.

Results and discussions

In this study, time to reach equilibri-
um temperature was investigated by changing 
the depth of the HSZ. Size of UCZ and NCZ 
were kept constant. Numerical calculation was 
tested in the preliminary calculation for var-
ied mesh distribution and compared with an 
experimental study which was conducted for 
the Mediterranean region [21, 22]. The com-
parison between this calculation and experi-

ment show good agreement and results are found to be very well matched for this model. 
Meteorology has been measuring the solar radiation since 1987 and the arithmetic average 
of these data was used, tab. 2. In numerical calculations, solar radiation and temperature data 
for ADANA were utilized for consistency check. Air and soil temperatures were applied by 
taking the annual arithmetic average of the meteorological temperature data. The heat loss-
es from the side wall and bottom surface mainly happened through the conduction path but 
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Table 1. Computational conditions

Ambient temperature 293.15 K

Ambient pressure 1 atm

Radiation discretization Method Discrete ordinate

Discrete ordinate S4

Performance index 0.4

Wall type Gray

Insulation Foam

Figure 1. Mesh distribution for the  
modeled solar pond
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the surface of the pond is open and the highest heat loss was expected to be happened with 
the way of natural-convection. The heat flow out of the pond was simulated and is shown in  
fig. 3. Numerical calculation show that the highest heat flow was calculated out of the surface 
with by natural-convection. Since the side walls and the floor are equally insulated, the heat 
losses on these boards are as expected to be equal. The temperature distribution of the modeled 
solar pond and internal energy capacity distribution are given in fig. 4. The depth of HSZ in 
the solar pond is 100 cm and the maximum temperature was stabled at 322 K. The pond tem-
perature did not increase after certain value and the loss and the gain were equalized with time. 
When fig. 4(a) is examined, there is a uniform temperature distribution in the storage zone due 
to the effect of insulation. However, temperature of the UCZ zone is almost equal to the outdoor 
temperature. On the other hand, in the NCZ region it varies from lowest to highest temperature 
in the solar pond and these two zone were simulated to be the region where highest heat losses 
happens due to natural-convection.
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In this part, the depth of the HSZ was increased from 40-400 cm, while the size 
and number of other layers were kept constant. In this section, 12 different solar ponds with 
varied depth were modeled and variation of temperature with respect to simulation time for 
five different points are given in fig. 5. The temperature data were calculated in the lower, 
middle and upper part of the HSZ, in the middle part of the NCZ and in the lower part of the 
UCZ. According to all the graphs in fig. 5, temperature first increased at the defined points 
then reached an equilibrium temperature and stayed constant at around 322 K. However, 
time to reach equilibrium temperature increases together with dept. The solar pond, which 
is 40 cm deep in the HSZ, reaches equilibrium temperature at around 1000 hours. The time 
increases as the depth increases and the deepest pond reaches the equilibrium temperature at 
the end of 6000 hours. There is a slight decrease in temperature after reaching the equilibri-

Table 2. The solar radiation and temperature data for Adana

Jan. Feb. Mar. Apr. May June July Aug. Sept. Oct. Nov. Dec.

Temperature [⁰C] 9.4 10.4 13.3 17.3 21.6 25.5 28.0 28.4 25.8 21.2 15.5 11.0
Solar radiation
[Wm–2 per day] 1980 2420 4120 4980 6070 6680 6460 5910 4900 3780 2330 1810

Soil temperature [K] 13.3 14.7 16.4 19.6 22.8 24.2 25.3 26.6 24.1 21.8 18.3 14.2



Sogukpinar, H., et al.: Investigation of Saturation Temperature in Solar Pond ... 
2910 THERMAL SCIENCE: Year 2020, Vol. 24, No. 5A, pp. 2905-2914

T
e

m
p

e
ra

tu
re

[K
]

322

320

318

316

314

312

310

308

306

304

302

300

298

296

294

292

0 500 1000 1500 2000

(a) (b)

10 cm (HSZ bottom)

20 cm (HSZ middle)

30 cm (HSZ up)

60 cm (NCZ)

90 cm (UCZ)

10 cm (HSZ bottom)

30 cm (HSZ middle)

50 cm (HSZ up)

80 cm (NCZ)

110 cm (UCZ)

T
e

m
p

e
ra

tu
re

[K
] 322

320

318

316

314

312

310

308

306

304

302

300

298

296

294

292

Time [hour]

0 500 1000 1500 2000

Time [hour]

(c) (d)

0 500 1000 1500 2000
0 500 1000 1500 2000

T
e

m
p

e
ra

tu
re

[K
]

322

320

318

316

314

312

310

308

306

304

302

300

298

296

294

292

T
e

m
p

e
ra

tu
re

[K
] 322

320

318

316

314

312

310

308

306

304

302

300

298

296

294

292

10 cm (HSZ bottom)

40 cm (HSZ middle)

70 cm (HSZ up)

100 cm (NCZ)

130 cm (UCZ)

10 cm (HSZ bottom)

50 cm (HSZ middle)

90 cm (HSZ up)

120 cm (NCZ)

150 cm (UCZ)

Time [hour] Time [hour]

( )e ( )f

0 500 1000 1500 2000 0 500 1000 1500 2000

T
e

m
p

e
ra

tu
re

[K
]

322

320

318

316

314

312

310

308

306

304

302

300

298

296

294

292

T
e

m
p

e
ra

tu
re

[K
]

322

320

318

316

314

312

310

308

306

304

302

300

298

296

294

292

10 cm (HSZ bottom)

0 cm (HSZ middle)6

cm (HSZ up)110

1 0 cm (NCZ)4

1 0 cm (UCZ)7

10 cm (HSZ bottom)

0 cm (HSZ middle)7

cm (HSZ up)130

1 0 cm (NCZ)6

1 0 cm (UCZ)9

Time [hour] Time [hour]

( )g ( )h

0 500 1000 1500 2000
0 500 1000 1500 2000

T
e

m
p

e
ra

tu
re

[K
] 322

320

318

316

314

312

310

308

306

304

302

300

298

296

294

292

322

320

318

316

314

312

310

308

306

304

302

300

298

296

294

292

T
e

m
p

e
ra

tu
re

[K
]

10 cm (HSZ bottom)

0 cm (HSZ middle)8

0 cm (HSZ up)15

1 0 cm (NCZ)8

0 cm (UCZ)21

10 cm (HSZ bottom)

0 cm (HSZ middle)9

cm (HSZ up)170

0 cm (NCZ)20

0 cm (UCZ)23

Time [hour] Time [hour]



Sogukpinar, H., et al.: Investigation of Saturation Temperature in Solar Pond ... 
THERMAL SCIENCE: Year 2020, Vol. 24, No. 5A, pp. 2905-2914 2911

um as shown in fig. 5. This is because the maximum temperature does not actually decrease 
but only the maximum temperature region is replaced as the simulation time increases. When 
the HSZ temperature curves are examined, there is a noticeable temperature differences in 
the lower, middle and upper parts of the HSZ, and as the depth increases, there is a homo-
geneous temperature distribution for the lower and middle parts in the HSZ. In all calcula-
tions, the average temperature of the HSZ was remained constant at around 45 °C. In the NCZ, 
there is a temperature distribution between the lowest and the highest temperature value in 
the pond. The temperature of the UCZ zone is around 25 °C, which is equal to the average 
temperature of the air. For a depth of 40 cm, the equilibrium temperature was reached in  
1000 hours, 1300 hours for 60 cm, 1400 hours for 80 cm, 1500 hours for 100 cm, 1600 hours for 
120 cm, 1750 hours for 1140 cm, 1800 hours for 180 cm, 2700 hours for 200 cm, 1800 hours for 
250 cm, 3400 hours for 300 cm, and 6000 hours have passed for 400 cm. As the depth increases, 
time to reach to the equilibrium temperature increases but increment of amount of water and 
time to reach equilibrium temperature shows a proportional increase. If the stored heat wants to 
be used immediately, the storage area should be constructed shallow, but if the heat want to be 
used after certain times then deeper solar pond can be built.

In addition, the effect of the solar pond width on equilibrium temperature and time to 
reach maximum point was investigated without considering shadowing effect. For this, solar 
pond width was increased starting from 2-100 m by keeping depth constant and calculated data 
are given in fig. 6. It is seen that the equilibrium temperature differs slightly as the width of the 
pond increases. The main reason for this situation is that the heat stored in the middle part of 
the solar pond is moved away from the side walls and due to this, conduction losses are lower. 

Figure 5. Duration of saturation temperature for varied depths of HSZ in solar pond;  
(a) 40 cm, (b) 60 cm, (c) 80 cm, (d) 100 cm, (e) 120 cm, (f) 140 cm, (g) 160 cm,  
(h) 180 cm, (i) 200 cm, (j) 250 cm,  (k) 300 cm, and (l) 400 cm (for color image see journal web site)

( )i ( )j

0 1000 2000 3000 4000 0 1000 2000 3000 4000

10 cm (HSZ bottom)

0 cm (HSZ middle)10

0 cm (HSZ up)19

0 cm (NCZ)22

0 cm (UCZ)25

10 cm (HSZ bottom)

cm (HSZ middle)125

cm (HSZ up)240

0 cm (NCZ)27

0 cm (UCZ)30

322

320

318

316

314

312

310

308

306

304

302

300

298

296

294

292

T
e

m
p

e
ra

tu
re

[K
]322

320

318

316

314

312

310

308

306

304

302

300

298

296

294

292

T
e

m
p

e
ra

tu
re

[K
]

Time [hour] Time [hour]

( )k ( )l

0 1000 2000 3000 4000 0 2000 4000 6000 8000

10 cm (HSZ bottom)

0 cm (HSZ middle)15

0 cm (HSZ up)29

0 cm (NCZ)32

0 cm (UCZ)35

10 cm (HSZ bottom)

cm (HSZ middle)200

cm (HSZ up)390

0 cm (NCZ)42

0 cm (UCZ)45

322

320

318

316

314

312

310

308

306

304

302

300

298

296

294

292

T
e

m
p

e
ra

tu
re

[K
]

322

320

318

316

314

312

310

308

306

304

302

300

298

296

294

292

T
e

m
p

e
ra

tu
re

[K
]

Time [hour] Time [hour]



Sogukpinar, H., et al.: Investigation of Saturation Temperature in Solar Pond ... 
2912 THERMAL SCIENCE: Year 2020, Vol. 24, No. 5A, pp. 2905-2914

Figure 6. Duration of saturation 
temperature for varied width of  
solar pond; (a) 200 cm, (b) 300 cm, 
(c) 400 cm, (d) 600 cm,  
(e) 1000 cm, (f) 2000 cm, and 
(g) 10000 cm (for color image see 
journal web site)
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In addition, as the width increases, the air contact with the surface also increases in parallel and 
natural-convection losses on the surface remain constant. If there was a change for the heat loss 
by natural-convection, there would be remarkable differences in the equilibrium temperature 
but as seen in the fig. 6, maximum temperature changed from 1-2 °C.

Conclusion

Solar pond is a system where solar energy is stored as heat energy at low and medium 
temperature. These systems reach the maximum saturation temperature after a certain time 
depending on the solar energy incoming to the surface. After reaching saturation temperature, 
the incoming solar energy balances heat losses out of the system and consequently no change in 
the temperature of the system is observed. In this study, the saturation temperatures and times 
period of solar pond were determined according to the size of different storage areas and in-
coming solar energy. Likewise, in the second part, the depth of the pond was kept constant and 
the width was increased. In this case calculations show that when the pond width is increased 
the solar energy coming to the surface of the pond increases and also increase of the mass of 
the salt water forming the pond indicating that there is no change for the saturation temperature 
and time. As a result, the saturation temperature and time give us information about when the 
heat should be pulled out of the pond. Using the heat from the system that reaches the saturation 
temperature will enable the temperature of the system to rise again with the later incoming solar 
energy. This lead a significant improvement in the performance of the system.
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Nomenclature

Cp  – specific heat capacity at constant pressure, 
[Jkg–1K–1]

I(Ω)  – radiative intensity at a given position 
following the Ω direction, [Wm–2s–1r–1]

Ib(T)  – blackbody radiative intensity, [Wm–2s–1r–1]
Nr – refractive index (dimensionless)
n→  – outward normal vector (dimensionless)
Q  – heat sources other than viscous heating, 

[Wm–3] 
q→  – heat flux by conduction, [Wm–2]
q→r – heat flux striking the wall, [Wm–3]
S  – Strain-rate tensor, [s–1]
T  – absolute temperature, [K] 

t  – time, [s]
u→  – velocity vector, [ms–1] 

Greek symbols

α        – coefficient of thermal expansion
β – extinction coefficients,  [m–1]
κ – absorption coefficients, [m–1]
ρ – density, [kgm–3]
σ  – Stefan-Boltzmann constant, [JK–1]
σs  – scattering coefficients, [m–1]
φ(Ω′, Ω)  – scattering phase function  

     (dimensionless)
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