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Abstract 

While desalination of water is energy intensive, traditional use of fossil fuels makes it not only costly, but also unsus-
tainable and environmentally unfriendly; utilization of solar energy for desalination is therefore highly encouraged. 
This paper presents a study on the technical performance of a solar desalination unit located in Tehran city. The 
process is modeled using standard energy equations and performance indices are defined. The model simulation 
results are compared with experimental data from laboratory tests. This study observed that there is good agreement 
between the experimental data and the model simulation results. It is observed that the maximum solar radiation 
intensity is found in June and the highest evaporation rate in this month is about 5× 10

−3
m

3 . It is found that the 
treatment efficacy of the plant decreases with increasing depth of wastewater. Performance of the desalination unit is 
found to be satisfactory.
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Introduction
Due to growing population in the world, the need for 
fresh water and energy is increased (Dong et  al., 2022). 
On the one hand, human societies are highly dependent 
on wastewater for fresh water supply in the domestic, 
agricultural and industrial sectors. On the other, humans 
have polluted environmental resources such as surface 
and underground water. Eventually, this has led to the 
unequal distribution of water in different parts of the 
Earth. In addition, drinking water is very insufficient in 
dry areas. Therefore, people have serious issues regard-
ing access to water (Ines et  al., 2019). Water occupies 
about three quarters of the Earth’s surface. More than 

97% of the planet’s water is deep sea saline water. That 
means, only 3% of the total water resources is fresh water. 
About 2.1% of the fresh water is inaccessible. The prob-
lem of water shortage can be solved a little by desalina-
tion of brackish water. However, process of removing 
salt from brackish water requires a lot of energy. If the 
needed energy to desalinate brackish water is provided 
using fossil fuels, the emissions are harmful. The use of 
solar energy to extract fresh water from brackish water 
is environmentally friendly (Taherizadeh et al., 2019). In 
recent years, desalination technologies for fresh water 
production from wastewater have grown, rapidly. The 
desalination process of seawater with a salt content 
between 1 and 10 g per liter can be useful. The efficiency 
of desalination processes is different and one of the fac-
tors affecting the efficiency of desalination is the amount 
of salt in the water (Shah et  al., 2022). Naturally, saline 
water needs less energy to desalinate than seawater. The 
main function of desalination technologies is to reduce 
concentration of salt in water to convert it to drinking 
water. There are many technologies for desalination that 

*Correspondence:
Farshad Farahbod
mf_fche@yahoo.com
1 Department of Chemistry and Chemical Engineering, Rasht Branch, 
Islamic Azad University, Rasht, Iran
2 Department of Chemical Engineering, Firoozabad Branch, Islamic Azad 
University, Firoozabad, Iran

http://creativecommons.org/licenses/by/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s40807-023-00074-z&domain=pdf
http://orcid.org/0000-0003-2341-3329


Page 2 of 8Baghizade et al. Sustainable Energy Research            (2023) 10:4 

can be divided into two main types: thermal separation 
processes and membrane separation processes (Farah-
bod, 2020a). The choice of technology is based on opera-
tional and maintenance considerations, location, energy, 
cost and water characteristics. Conventional desalination 
technologies produce more than 90% of the world’s fresh 
water. The basis of thermal processes is distillation and 
evaporation (Siefan et al., 2022). In membrane processes, 
reverse osmosis method and semi-permeable mem-
branes can be used to desalinate seawater. This technol-
ogy requires pressure differences across the membrane 
(Khan et al., 2020). The solar pond as a new technology 
uses solar energy for wastewater treatment. Solar pond 
uses free and clean energy and work throughout the year, 
continuously (Shalaby et  al., 2022). A solar desalination 
pond uses a significant amount of salt water to conserve 
thermal energy from solar radiation, indirectly. The 
solar desalination pond consists of three dissimilar lay-
ers. The upper convection zone (surface zone), the lower 
convection zone (reserve zone), and the middle zone 
between the upper and lower regions, called the gradi-
ent zone. Figure 1 shows the different layers of wastewa-
ter in the solar desalination unit. The upper convection 
zone, which is shallow and has a low salt concentration, 
absorbs some sunlight, and the rest is transferred to the 
underlying layer (Farahbod, 2020b). This layer has about 
2 to 3% salinity. The temperature range in this layer is 
equal to the average ambient temperature. The middle 
layer is gradient layer, which is identified as non-convec-
tive zone. This zone is created by the salt gradient in the 
top layer and bottom layer. In principle, the salt concen-
tration increases with increasing depth. The bottom layer 
has saline water that absorbs the sun’s heat energy, highly. 
This area is a place of heat accumulation and has a high 
density (Xie et al., 2022).

Some researchers have investigated performance of 
stationary passive solar ponds in terms of increasing 
efficiency by using heat absorbent materials (Farahbod 

et al., 2012). In other researches, different types of solar 
ponds equipped with plastic cover with different types of 
heat storage materials have been studied and their per-
formance has been investigated, experimentally (Tamimi 
& Rawajfeh, 2007). In another study, a trapezoidal solar 
pond was investigated. Sponge compounds were placed 
on the bottom of this solar pond to absorb heat. In yet 
another study, the thermal efficiency of two simple solar 
ponds equipped with porous compounds was investi-
gated and compared. Performance of a triangular stain-
less steel solar still covered with glass is presented in 
Jadidoleslami and Farahbod (2016). Another study was 
on the performance of two triangular and trapezoidal 
solar ponds equipped with glass cover and circular hol-
low balls as heat absorbers (Ganguly et  al., 2019). Cost 
analysis of produced fresh water is found in Ganguly et al. 
(2019). Performance of a solar pond that uses cotton fab-
rics and black clay pieces as heat absorbers is presented 
in Farahbod and Omidvar (2018). Solar pond painted 
with different colors was investigated and the perfor-
mance is evaluated in Farahbod and Omidvar (2018).

This research examines performance of a solar desali-
nation pond located in Tehran city. The wastewater 
entering the solar pond is collected from a disinfection 
unit. The studied pond is modeled with energy equations. 
Model simulation results are compared with experimen-
tal data.

Materials and methods
Figure 2 shows a flowchart of the wastewater treatment 
process. The outlet wastewater from a petrochemical 
industry enters the primary treatment unit and then the 
secondary treatment unit, as seen in the diagram. The 
outlet of this unit flows to the disinfection unit and then 
enters the solar desalination pond.

Description of solar desalination pond
The studied solar pond consists of a metal floor and glass 
covers. The length and width of the floor are 1.5 m and 
1 m, respectively. The thickness of the floor is 1 cm and 
that of the cover is 4 mm. The floor of this unit is made 
of stainless steel to have resistance against corrosion and 
pressure. Angle of the glass roof is 36° to match the geo-
graphical location of Tehran city. The solar pond is fac-
ing south. So, it can be exposed to the maximum solar 
energy. Two metal blades divide the floor into three 
parts. Wastewater stream enters the middle part. The 
pond absorbs solar energy during the day and evaporates 
wastewater. The vapors turn into liquid during the night 
and leave by the sides of this unit. Figure  3 shows this 
unit.

The outlet wastewater from the disinfection unit 
enters the solar unit and gets converted into two Fig. 1  Schematic of different layers of wastewater in solar pond
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streams of pure water and brine. Operational param-
eters, such as intensity of solar radiation, average air 
temperature and other meteorological data are pro-
vided by Tehran Meteorological Organization. Waste-
water temperature in different layers, production rate 
of fresh water, physical properties of wastewater and 
treatment yield are studied. The characteristics of the 
wastewater entering the solar unit are presented in 
Table 1.

Method of measuring BOD, COD, phosphate, nitrate 
and TDS
In this research, indicators such as BOD, COD, phos-
phate, nitrate and TDS of wastewater have been moni-

tored. The amount of phosphate is measured by Aztec 
AW636, with accuracy ± 3% and nitrate is measured 
using a nitrate meter, model LAQUA Twin, with accu-
racy ± 2%, China. Also, chemical oxygen and biological 
oxygen are measured by oxygen meter, model RBRcoda3 

with accuracy ± 5%, China. The TDS is measured using an 
EC meter, model PAL-EC 4331, with accuracy ± 20 ppm, 
Japan. All of the measuring devices have metal probes. 
The amounts of pollutants are measured once before 
the wastewater enters the solar pond and again after the 
wastewater exits the solar pond. The average reduction 
of phosphate, nitrate, COD, BOD and TDS parameters is 
defined as “treatment efficiency”. Equation (1) provides a 
relation of reduction of emission index:

In addition, Eq. (2) shows the calculation of treatment 
efficiency:

Model‑based study of solar desalination unit
The energy conservation equations are used to model 
solar pond floor, wastewater and glass cover (Farahbod, 
2020b). The energy absorption by solar pond floor fol-
lows convective mechanism. Equation  (3) shows this 
energy balance. Also, released energy by convective 
mechanism between wastewater and glass, evaporative 
heat transfer between wastewater and glass, and radi-
ant heat transfer between wastewater and glass occur. 
Therefore, obtained energy by the wastewater is written 

(1)
Reduction of pollution index =

Initial value− Final value

Initial value
.

(2)Treatment efficiency =

Sumof reduction in BOD,COD,TDS, phosphate, nitrate

5
×100.

Fig. 2  Schematic of wastewater treatment process

Fig. 3  Schematic of the solar desalination unit under study

Table 1  Characteristics of the wastewater entering to the solar 
desalination pond

Physical characteristic’s Amount

Viscosity 1091 cP

Density 1120
kg

m3

Specific heat 3.11 kJ/kg °C

Salinity 7.2%

TDS 207.6 ppm

Turbidity 1.13 NTU
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as Eq. (4) (Farahbod et al., 2012). Obtained energy by the 
glass from the sun follows convective mechanism, radiant 
heat and evaporation of wastewater. The lost energy is 
found through the radiant mechanism between glass and 
sky (Farahbod, 2020b). Therefore, the equation of energy 
conservation of glass is written as Eq. (5). In addition, the 
intensity of solar radiation is defined as Eq. (6) (Farahbod 
et al., 2012):

R is direct radiation in the region. Also, R0 is 1353W

m2 . In 
addition, θi is zenith angle. In addition, the heat capacity 
is written in terms of salinity as Eq. (7) (Farahbod, 2020b):

The viscosity, conductive heat transfer coefficient, spe-
cific heat at constant pressure and density of salty waste-
water are listed as Eqs. (8) to (11) (Farahbod et al., 2012):

The latent heat of wastewater is expressed by Eqs. (12) 
and (13). Equation  (12) is used when evaporation tem-
perature is higher than 70 °C. And, Eq. (13) is used when 
evaporation temperature is less than 70 °C:

In addition, the pressure of brackish water and that of 
inner side of glass cover are represented by Eqs. (14) and 
(15) (Farahbod et al., 2012):

(3)RαbaSba −Hc,b−ba −Hloss = mbacba(
dTba

/

dt),

(4)
RαbSb +Hc,b−ba −Hc,b−g −Hr,b−g −He,b−g = mbcb(

dTb
/

dt),

(5)
RαgSg +Hc,b−g −Hr,g−s −Hc,g−a

+Hr,b−g +He,b−g = mgcg(
dTg

/

dt),

(6)
R = R0

[

(1− 0.14z) exp(−0.357(sec θi)
0.678)+ 0.14z

]

.

(7)cb = 4180+ 4.396ζ + 0.0048ζ 2.

(8)µb = −0.002d2 + 0.057d + 0.725,

(9)
kb = 5.553× 10−1

− 8.13× 10−5ζ + 8× 10−4 (Tave − 20),

(10)Cpb = 1E − 4d2 − 0.0041d + 3.181,

(11)ρb = 998+ 0.65ζ − 0.4(Tave − 20).

(12)
Hfg =

{

3.1615× 10−6
[

1− (7.616× 10−4
Tv)

]

ForTv ≥ 70 ◦C
}

,

(13)Hfg =

{

2.5× 106
(

1− 9.5× 10−4
Tv + 1.3× 10−7

T
2
v −4.8× 10−9

T
3
v

)

ForTv�70
◦C

}

.

Equation (16) shows the flow rate of fresh water output 
from the solar pond in terms of the average temperature 
and effluent temperature (Farahbod, 2020b):

The correlation between theoretical model and 
experimental data is greater if the mean temperature is 
expressed as Eq. (17) (Farahbod et al., 2012):

Results and discussion
Study of radiation intensity and wastewater treatment
The intensity of the sun’s radiation was measured by the 
pyranometer of Tehran Meteorological Organization. 
The relationship between intensity of solar radiation and 
wastewater treatment is investigated in this section. Fig-
ure  4 shows that contaminants removal increases with 
increasing solar radiation intensity.

Figure 4 shows that the maximum rates of removal of 
BOD, COD, phosphate, nitrate and TDS are 28.1%, 25%, 
39.9%, 39.2% and 24.4%, respectively. It means that solar 
desalination pond has an acceptable performance in 
treatment process. Table 2 shows the percentage of pol-
lutants reduction in the solar desalination pond.

Study of wastewater depth and wastewater treatment
Figure  5 shows the relationship between treatment effi-
ciency and wastewater depth. Treatment efficacy is the 
average reduction of BOD, COD, phosphate, nitrate and 
TDS. Figure 5 shows that treatment efficiency decreases 
with increasing wastewater depth.

At increased depth of the wastewater, the amount of 
salt deposition also has increased and this factor has a 
significant effect on reducing treatment efficiency. Fig-
ure 5 shows that difference of the treatment efficiency at 
top and bottom of the solar pond is 74.6%. It is reason-

able to expect a reduction in the overall treatment effi-
ciency. Because considerable heat is trapped in the lower 
areas.

(14)Pb = exp

[

25.317−
5144

(Tb + 273.15)

]

,

(15)Pg = exp

[

25.317−
5144

(Tg + 273.15)

]

.

(16)dmcond.

/

dt = he,b−g(Tb − Tave)/hlv.

(17)Tave = 0.77Tg + 0.23Tba.
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Study of radiation intensity and wastewater treatment
Figure 6 shows average treatment efficiency achieved in 
every month of the year; average solar radiation inten-
sity of the respective month is given alongside. Results 
show that the treatment efficacy increases with increas-
ing intensity of solar radiation in general. In fact, the 
intensity of radiation has a significant effect on pollutants 
reduction. However, the maximum efficacy is seen in July, 
whereas the intensity of radiation is higher in June and 
August. This anomaly is understood to be due to change 
in the velocity and direction of wind and changes in the 
physical properties of the effluent, consequently.
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Table 2  Reduction of pollutants in outlet stream compared to 
the inlet stream

Pollution index Percentage 
reduction, 
%

BOD 28.1

COD 25

Phosphate 39.9

Nitrate 39.2

TDS 24.4
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Study of wastewater physical properties versus depth
The physical properties of wastewater play a significant 
role in fresh water production. The physical properties 
such as density, viscosity and heat capacity of the waste-
water are investigated in this research.

Investigation on density in terms of effluent depth
Figure 7 shows wastewater density plotted against waste-
water depth. The wastewater density changes from 1090 
to 1270 kg

m3 . The deposited salt in the floor of the pond 
is considerably high and it increased the density of the 
effluent at a depth 0.15 m.

Study of viscosity versus wastewater depth
Figure  8 shows the viscosity at different depths. Results 
show that viscosity of wastewater at the floor is about 
19% higher than that near the surface. This is due to salt 
accumulation in the pond floor.

Study of the heat capacity of wastewater at different depths
The heat capacity of wastewater at different depths is 
shown in Fig. 9. As seen, the heat capacity of the waste-
water decreases by 0.67% from surface to floor as the 
salinity increases.

Study of water production versus radiation intensity
The theoretical and experimental evaporation rates of the 
wastewater at different level of intensity of solar radia-
tion is investigated in this section. Figure 10 shows that 
intensity of radiation as well as evaporation rate from to 
September is higher than that of other months. Several 
factors like solar radiation intensity, wind speed and wind 
direction influence wastewater evaporation. Figure  9 
confirms that energy equations are well able to predict 
evaporation rate.

Study of wastewater temperature in different months
Figure  11 shows theoretical and experimental values 
of average temperature in different months. The result 
again confirmed that there is a good agreement between 
the mathematical model and the experimental data. The 
maximum average temperature of brine occurs in July 
and the minimum in December.

Study of wastewater temperature difference in different 
months
Figure 12 shows that the difference between the surface 
and the floor temperature is sinusoidal over a period of 
1  year. This may be due to the trapped energy in lower 
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convective zone. Actually, accumulated heat in the bot-
tom of wastewater has caused difference between surface 
and floor temperatures in consecutive months. Labo-
ratory data and model results indicate that maximum 
difference between surface temperature and floor tem-
perature occurs in April. Results show that minimum 
temperature difference occurs in November. Undoubt-
edly, wind direction and sun angle can be the causes of 
this event.

Conclusion
Wastewater from a petrochemical industry is treated 
in the solar desalination unit and clean water is pro-
duced by evaporation. The significance of solar 
desalination is that it saves fossil fuels and avoids the 
corresponding emissions. The present study targeted 
performance analysis of the plant through model-
based computation and verification of the results 
by physical measurements in laboratory. While a 

satisfactory performance of the plant is established 
on one side, validation of the mathematical model has 
been achieved on the other hand, having confirmed 
good agreement between the experimental data and 
model simulation results. That the model has been 
developed using energy equations available in litera-
ture is worth noticing.
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Ab	� Surface of solar pond base (m2)
Aba	� Surface of brackish water (m2)
Ag	� Surface of glass covers (m2)
c	� Specific heat (J/kg K)
R	� Solar flux (W/m2)
h	� Heat transfer coefficient (W/m2K)
hlv	� Latent heat of vaporization (J/kg)
ζ	� Salinity (g/kg)
mc	� Condensate mass
H	� Heat flux (W/m2)
T 	� Temperature (C)
t	� Time
dt	� Time interval (s)
Ts	� Sky temperature (C)

Subscripts
A	� Ambient
Ba	� Base (of solar pond)
B	� Brackish water
E	� Evaporative
Eff	� Effective
G	� Glass
R	� Radiative
S	� Sky
C	� Convective
T	� Time
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