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a b s t r a c t
An innovative solar desalination system was designed, constructed, and tested to produce more 
freshwater than a conventional solar still system. The new system consists of a basin type solar 
still and an external condenser. The condenser itself contains finned condensing pipes and a res-
ervoir for the cooling water. The effects number of the fins, volume of cooling water, and flow rate 
in the condenser on the distilled output of the proposed solar desalination system were studied. 
As compared to the conventional basin type solar still system, the proposed system significantly 
produced more freshwater when cooling water volume, cooling water flow rate, numbers of fins 
in the condenser were increased. Furthermore, the number of fins exerted the most significant 
effect on freshwater productivity. The maximum daily freshwater produced was 12,350 mL when 
250 L cooling water, 400 L/h flow rate, and 80 fins on the outer surface of the condensing pipe were 
used, which is about 300% more than the productivity of the conventional solar still. To use this 
solar desalination system efficiently, it was concluded that the optimum rate of cooling water must 
be about 50 L/h. Moreover, the remaining water volume in the condenser must be about 79 L.

Keywords:  Solar desalination efficiency; Single slope solar still; Still with an external condenser; 
Still productivity enhancement; Finned condenser with solar still

1. Introduction

With the dramatic growth in population and an increase 
in living standards, freshwater supplies are deteriorating. 
Water desalination could be a promising solution to min-
imize the shortage of freshwater, but it is economically 
inefficient for many countries that depend on imported 
oil. Solar desalination of brackish, impure, and seawater is 

considered the most attractive and simple technique among 
existing desalination processes to provide freshwater. 
It is suitable for small-scale units at locations where solar 
energy is abundant. It has been studied as a preferred 
process because of its energy efficiency and low environ-
mental impact. In the Middle East, Jordan imports more that 
97% of its energy and thus is considered one of the poor-
est countries in terms of energy sources [1] and the fourth 
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poorest country in the world in terms of water resources [2]. 
But on the other side, it has an extraordinary solar inten-
sity of 2,080 kWh/m2 with more than 300 sunny days per 
year [3,4]. Therefore, the use of solar desalination alongside 
with the technological improvements in the solar devices 
could be suitable solutions for water desalination in remote 
areas with poor water quality and a lack of other treatment 
options. Basin type solar stills are options that can be used 
for water desalination and are considered one of the cheap-
est solutions for purifying brackish water [5]. They are suit-
able for the countries in the Middle East and Africa due to 
their low cost and ease of maintenance [6]. But their main 
drawback is the low water productivity, which is about 
2–5 L/m2/d under conventional conditions [7]. This low level 
of production makes it impractical for many uses. Many 
designs of the solar still have been constructed or modified 
to increase the solar still productivity and efficiency when of 
the integrated with heat storage, fins, air blower, reflectors, 
collectors, heat pump, different absorber plates, solar pond, 
nanofluids, wire mesh, wicks, glass cover cooling, and cool-
ing condenser [7–9].

Mamkagh et al. [10] constructed a solar desalination sys-
tem consisted of a set of conventional basin-type solar stills, 
and a set of condensing pipes buried in the soil which were 
used as a condensers. The potable water distillate depends 
on the coolant mass flow rate in the condenser tubes, surface 
area of the condenser tube, and its volume [11]. Sellami et 
al. [12] modified a basin liner by adopting a 5 mm sponge 
layer, which acts as an extra heat storage area. The solar still 
productivity was enhanced up to 58% in comparison with a 
conventional solar still. Faegh and Shafii [13] attached a heat 
pipe solar collector to the solar still in order to accelerate 
the evaporation rate. A 6.5 kg/m2 of water productivity was 
achieved by this method. Kabeel et al. [14] conducted an 
experimental study to enhance the productivity of the solar 
still by integrating vacuum with an external condenser. 
Their results showed that this integration increased the dis-
tillate water by about 53%. El-Samadony et al. [15] carried 
out a research study of stepped solar still with reflectors 
and external condenser. They found that the productivity of 
modified solar still was about 66% higher than the conven-
tional still system. Mevada et al. [16] reported that the inte-
gration of fins to the conventional solar still enhances water 
productivity. The fin configuration, thickness, and material 
are crucial factors affecting the percentage of performance 
improvements. Rabhi et al. [17] enhanced basin solar still 
using a condenser and pin-shaped fins. Kumar et al. [18] 
improved the solar still productivity by joining square 
tubular fins and paraffin wax as a thermal energy storage. 
The percentage increments in the distillate water of both 
improved solar still with integrated fins only and with fin 
and energy storage were 64% and 95%, respectively, as com-
pared to conventional solar still. El-Sebaii and El-Naggar 
[19] conducted the experiments to study the effect of differ-
ent fin materials on the distilled output of the solar still. The 
results revealed that there is no substantial effect on water 
productivity by changing the fin materials. Gupta et al. [20] 
improved the evaporative rates and the performance of solar 
still by adding CuO nanoparticles. Experiments have been 
conducted at two water depths of 5 cm and 10 cm mixed 
with 0.12% by weight nanoparticles. The results revealed 

that 22.4% and 30% improvement in water productivity at 
water depths 5 and 10 cm, respectively, as compared to con-
ventional solar still. Bahiraei et al. [21] employed nanofluid 
of copper oxide-water in a single trough solar still equipped 
with four thermoelectric modules to improve daily pro-
ductivity of the distillate output. Khalifa and Ibrahim [22] 
studied the effect of adding an external and internal reflec-
tors to basin solar still. The performance of basin solar still 
was improved by 35.5% when added to both external and 
internal reflectors and 19.9% when added only to internal 
reflectors as compared to still without reflectors. Bhargva 
and Yadav [23] improved the single slope solar still produc-
tivity by integrating the evacuated tube collector, external 
condenser, internal reflector, and heat exchanger with still 
basin to heat the basin water. The results showed that the 
output solar still was increased to 206.5% as compared to a 
conventional solar still. Das et al. [24] suggested integrating 
both reflector and condenser with a single basin solar still 
especially in the places of low radiation to increase the still 
output. Estahbanati et al. [25] studied the impact of internal 
reflectors on the solar still efficiency. The results revealed 
that potable water and overall efficiency were increased by 
34% and 22%, respectively, as compared to conventional 
solar still. Furthermore, the percentage of the output water 
productivity improvement was more in winter as compared 
to the summer season. Younas et al. [26] developed a multi-
stage solar still coupled with a Fresnel lens for desalination 
purposes. The results showed that the productivity of the 
freshwater was 5 kg/m2/d. The influence of using phase 
change material (PCM) as a thermal energy storage on the 
efficiency of a single slope solar still integrated with the 
photovoltaic module was investigated experimentally by 
Abd Elbar and Hassan [27]. The results revealed improve-
ments in their daily water output by around 9% and 11.7%, 
respectively. Al-Harahsheh et al. [28] improved the solar 
still performance by the use of phase change material. The 
results indicated that the solar still could produce up to 
4,300 mL/d m2 and 40% of the water produced was after sun-
set. Panchal et al. [29] revealed that the integrated thermo-
electric parts with solar still is a prospective option to enhance 
the daily distillate output of potable water generated from 
groundwater. Mousa and Abu Arabi [30] improved basin 
solar still by the use of a double glass external solar collec-
tor. This system could produce about 4 L/(m2 d) freshwater. 
Pakdel et al. [31] improved the conventional solar still shape 
to the side troughs instead of side glass walls. The results 
revealed that the innovative design enhanced the still pro-
ductivity by 31.59% and improved the thermal efficiency by 
81.72%. Kabeel et al. [32] used two solar dishes combined 
with the solar still to improve the daily freshwater produc-
tivity to be 13.63 at water depth of 10 cm. Arunkumar et 
al. [33] enhanced the performance of single slope solar still 
with new insulation material of a bubble-wrap and car-
bon permeated foam. Three operation scenarios of single 
slope solar still were investigated experimentally: without 
insulation, with insulation of bubble-wrap, and with insu-
lation of both bubble-wrap and carbon permeated foam. 
The bubble-wrap and carbon permeated foam showed the 
most water productivity of 3.1 L/m2/d amongst the other 
scenarios. Balachandran et al. [34] cooled the glass cover 
with water film and employed a fiber composite insulation 
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to enhance the water productivity of solar still. The amount 
of water output from modified solar still was increased by 
21% as compared to conventional solar still. Kabeel et al. 
[35] stated the reduced solar still cover temperature will 
increase the condensation rates. Alahmer et al. [36] demon-
strated a method to harvest pure water from atmospheric 
air depending on intensifying the water vapor from the air 
in a manner of an economic and feasible way. Elashmawy 
and Alatawi [37] developed trapezoidal prism solar still 
to harvest the atmospheric water in low humidity climate 
condition of Hail city in Saudi Arabia. The results showed 
that a high potential of the atmospheric harvesting water 
technique from low-humid regions up to 26.5%.

The main concern of this work was as following: 
(i) enhance the productivity of the solar still by the use of 
external finned condensing pipe as a condenser for a single 
slope basin type solar still; (ii) increase the condensation rate 
by placing that condensing pipe inside a larger pipe filled 
with water; and (iii) study the effect of fins number, cooling 
water volume and flow rate in the condenser on the freshwa-
ter productivity of the proposed solar desalination system.

2. Materials and methods

2.1. Experimental site

The field experiments were carried out in the southern 
part of Jordan (31°16′N, 35°44′E, and 962 m above mean sea 
level). The field was chosen at a location where the pro-
posed solar desalination system can be exposed to sunlight 
all the daytime without obstacles. During the experiments, a 
solar radiation intensity, ambient temperature, outside glass 
surface temperature, and water temperature at the basin, 
on 15th of June as example were measured and presented 
in Fig. 1. This figure shows that the solar radiation inten-
sity increases quickly during the daytime from 25 W m–2 
at 6:00 a.m. to 1,011 W/m2 at 13:00, and then progressively 
drops to 21 W/m2 at 19:00, which matches the same path 
with the ambient air temperature. It can be noticed that the 
outside glass surface temperature and water temperature 
at the basin follow the same behavior of solar radiation. 
The maximum value of ambient temperature is occurred 

at about 13:00 after 1 h of the time of maximum radiation 
intensity due to a little cloudy weather and the elevation 
of the thermal inertia of atmospheric air [38,39]. The rise 
in water temperature is due to the quantity of solar radi-
ation received by the still basin and this solar intensity 
trapped inside the basin. The maximum value of the water 
temperature is about 52°C and achieved at 14:00. The max-
imum value of the glass temperature was achieved at the 
period of the highest water temperature. It is attributable 
to the high amount of absorption rate of the glass surface 
for the latent heat of the vapor condensation. The average 
daily global solar radiation on horizontal surfaces and aver-
age daily sunshine hours for 5 months of the experiments 
were measured and presented in Table 1.

2.2. Design and construction

Fig. 2 demonstrates the designed and constructed 
solar desalination system in the current work. It consists of 
two main sections; the first section is the basin type solar 
still and the second section is the condenser.

A basin type solar still was used to evaporate the brack-
ish water and generate a sufficient amount of vapor as 
shown in Figs. 2 and 3. It consisted of the following parts: 
a wooden frame, a transparent cover, a float valve, an inlet 
from the brackish water tank, and an outlet to the air blow-
ers. The framework was made of wood to ease the system 
construction and to provide good isolation from the exter-
nal environment. It was fabricated in a box type shape 
of 80 cm × 80 cm and 1 cm in thickness. The height of 
the front side was 10 cm and the backside was 20 cm high.
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Fig. 1. Experimental measurements of solar radiation intensity, ambient temperature, outside glass surface temperature, 
and water temperature (on 15th of June, 2019).

Table 1
Measured average daily global solar radiation on a horizontal 
surface and average sunshine hours for 5 months

May June July August September

kWh/m2 d 7 8 7.8 7.3 6
Sunshine hours 10.6 12.3 12.5 11.8 10.4
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One conventional basin type solar still was used sep-
arately as a reference for the experimental control. The ref-
erence was tested separately under the same conditions 
as the proposed solar desalination system and its daily 
freshwater production rate of about 4,000 mL/m2.

As shown in Fig. 2, brackish water flowed from the 
tank to the solar still under gravity. To ensure that the 
depth of the water remained around 5 cm, the stain-
less-steel float valve was installed inside the solar still. 
The water depth used was based on previous studies 
showing that this depth increases the evaporation rate 
inside the solar still [14,15]. The one-way valve was used 
to vent the solar still so air could enter the still but vapor 
could not exit. The air blowers then moves the vapor 
from the still through plastic pipes to the condenser. 
The freshwater that produced inside the condenser then 
collected at the outlet of the condensing pipe.

2.3. Condenser design

The condenser consists of two parts, the first part was 
a 4 m-long galvanized steel pipe with a diameter of 4 inch 
(114.3 mm), which served as a condensing pipe. The sec-
ond part was a large steel pipe, which served as a reservoir 
for the cooling water.

The condensing pipe was placed inside the reservoir, 
which filled with cooling water. Since the idea of this 

study is to provide and save freshwater, brackish water 
was used as a coolant to prevent the waste of freshwater. 
To find the effect of the cooling water volume on the pro-
ductivity of the whole solar desalination system, during 
the experiment was a possibility to choose from three vol-
umes of the cooling water (97, 170, and 250 L). This has 
been achieved by using three large pipes with different 
diameters (8, 10, and 12 inch to place the condensing pipe 
inside them. The solar powered water pump was used 
for water circulation between the tank and the condenser. 
During the experiment flow rates of the cooling water 
were controlled by choosing the right speed of the pump 
with the help of a flow control valve thus rates were 0, 50, 
100, 200, and 400 L/h. To increase the rate of heat transfer 
of the condenser, and thus can increase the productivity 
of the proposed solar desalination system, steel ring fins 
with a diameter of 6 inches were installed on the outer 
surface of the condensing pipe as shown in Fig. 2.

2.4. Error analysis

To evaluate the errors related to the experimental 
quantities, different apparatus such as (i) thermocouple to 
measure water temperature, glass surface temperature, and 
ambient temperature; (ii) pyranometer to measure solar 
radiation on glass surface; (iii) beaker to measure the dis-
tilled volume capacity; and finally (iv) stopwatch to measure 
volume flow rate were used. Table 2 displays the accuracy 
of the instruments used in the experiments. The percentage 
error was calculated according to the following equation [40]:

Error % Apparatus accuracy
Minimum value of apparatus measu

=
rred

%×100  (1)

3. Results and discussion

Fig. 4 displays the observed significant effect of the 
cooling water volume inside the condenser on the hourly 
freshwater productivity. This figure also shows that the 
experimental solar desalination system produced the high-
est amounts of freshwater per hour around 13:00 for all 
used volumes of the cooling water inside the condenser. 
This is because the more cooling water flows inside the 

Fig. 2. Configuration of the experimental solar desalination system.

Fig. 3. Basin type solar still used in the experiment.
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condenser, the more vapor condensation will take place at 
which the temperature now is less than of dew point.

Moreover, solar radiation intensity and ambient tem-
perature were high at that time. However, the amount of 
the desalinate freshwater is achieved at 13:00, which is 1 h 
after the maximum solar intensity and 1 h prior the max-
imum ambient temperature. This is because the increase 
of ambient temperature that impacts the rise glass tem-
perature, which reduces the glass cooling. Consequently, 
the rate of a condensation process is reduced due to a 
low difference between the surface glass temperature and 
evaporated water temperature [41]. Moreover, the time 
passes in the condensation process and collection of fresh-
waters. The increase of heat transfer in the condenser 
with the increased solar radiation trapped inside the basin 
increased the evaporation rate.

Fig. 5 emphasizes that the water volume in the con-
denser can affect daily freshwater productivity. Because 
more water vapor contacts the cold surface and conse-
quently the more condensation. Furthermore, the employ-
ment of an external condenser distills some of the water 
vapor extracted from the solar still and does not permit 
the increase in the internal glass temperature to high val-
ues. This in fact improves the evaporation rate along with 
the condensation rate inside the solar still basin. The min-
imum freshwater productivity (3,930 mL) was obtained 
when no water was used inside the condenser which means 
it has been cooled by the surrounding air convection only. 
Subsequently, the airflow used to drive the amount of the 
moist air to the external condenser, will boost the heat trans-
fer by convection within the solar still and enhances the 

condensation rate, and increases the amount of water pro-
duction. In other words, the fan pushes the non- condensable 
vapor away from the basin still to the condenser and avoids 
the impact of non-condensable vapor on the condensation 
rate reduction. The improvement in the distilled output 
is due to the increase in the air movement inside the still, 
avoiding non-condensable vapor, and increasing the evapo-
ration rate. In this case, the experimental solar desalination 
system produced less freshwater as compared to the con-
ventional solar still (the reference case). Therefore, cooling 
the condenser of the proposed solar desalination system by 
air only without water is useless.

The experimental solar desalination system produced 
the maximum daily accumulated freshwater (7,000 mL) 
when the volume of 250 L of cooling water was used to 
cool the condenser.

Fig. 5 shows that the productivity of the experimen-
tal solar desalination system was increased from 3,930 mL 
to 5,130 mL when a volume of 97 L of cooling water was 
used to cool the condenser instead of cooling it by air only. 
This means that the proposed solar desalination system 
produced 30% more freshwater than the reference case 
and more than the air-cooled condenser as depicted in Fig. 6.

Generally, the increase of cooling water amount in the 
condenser leads to an increase in freshwater productivity of 
the proposed solar desalination system as shown in Fig. 5. 
Fig. 6 indicates that the growth in freshwater productivity 
of the system is exhibits a downtrend when the amount of 
cooling water increases in the condenser. Therefore, the 
increase of the water amount in the condenser more than 
97 L leads to an increase in the size of the whole system, 

Table 2
Calculated error for different measuring apparatus

% ErrorMinimum value  
measured

RangeAccuracyApparatus

0.5%200–100±0.1°CDigital thermometer
5%200–2,000 W/m2±1 W/m2Solarimeter
5%1000–1,000 mL±5 mLMeasuring breaker
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Fig. 4. Average hourly freshwater productivity for different volumes of the cooling water inside the condenser (on 15th of June, 2109). 
Where: V1 – without water, V2 = 97 L, V3 = 170 L, and V4 = 250 L.
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which increases the cost of construction and makes it 
impractical.

Fig. 7 shows that the increase in the flow rate of the cool-
ing water inside the condenser also led to an increase in the 
freshwater productivity of the proposed solar desalination 
system. This happened because the heat transfer coefficient 
between the condensing pipe and the cooling pipe inside the 
condenser was enhanced due to the increased water speed.

The minimum freshwater productivity (7,000 mL) 
was obtained when the cooling water did not move in the 
condenser, while the maximum freshwater productiv-
ity (9,380 mL) was obtained when the cooling water flow 
rate in the condenser was 400 L/h.

Fig. 8 illustrates a downward trend in freshwater 
productivity growth from the proposed solar desalination 
system under the effect of the cooling water flow rate in 
the condenser. When the cooling water flow rate in the con-
denser was 50 L/h, the proposed solar desalination system 
produced 13% more freshwater than the case when the cool-
ing water was stagnant in the condenser. For the flow rates 
higher than 50 L/h, the freshwater productivity of the pro-
posed solar system is slightly increased. Therefore, increas-
ing the cooling water flow rate in the condenser more than 

50 L/h is unnecessary, because it requires more energy to 
operate a powerful pump to circulate the water between the 
solar still and the condenser at higher speeds.

Fig. 9 displays that the solar desalination system pro-
duced a minimum amount of freshwater when no fins were 
used in the condenser, while it produced the maximum 
amount of freshwater when 80 fins were used. Numerically, 
the daily freshwater productivity was improved by 10%, 
21%, and 34.2% when 40, 60, and 80 fins were added to 
desalination system, respectively, as compared to the 
system without fins. Moreover, from this figure, a linear 
relationship between the fins number in the condenser 
and the freshwater productivity of the experimental solar 
desalination system can be observed. It is important that 
to note the number of fins should be optimized because 
of the increased number of fins leads to cast a shadow 
and decrease the distilled output and a simultaneously 
improve the absorbed solar radiation due to the increased 
surface area [42].

The presence of fins inside the condenser increased 
the heat transfer surface, which enables a quicker removal 
of heat. The increased temperature difference between 
the inner and the outer surfaces of the condensing 
pipe improves the condensation rate and increases the 
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freshwater productivity of the experimental solar desalina-
tion system as compared to a system without fins.

These results are in good agreement with other stud-
ies, which have shown that the improved performance of 
a solar still integrated into the basin. Rajaseenivasan and 
Srithar [40] studied the improvement of solar still with 
square circular fins incorporated in the basin. The results 
showed that the daily productivity of freshwater was 
increased by 36.7% for a solar still with square fins and 
45.8% when the fins were wrapped with wick materials. 
Velmurugan et al. [43] stated the freshwater productivity 
of stepped solar still was increased up to 53.3% when fins  
are added.

Fig. 10 shows a stable growth in the freshwater pro-
ductivity of the experimental solar desalination system. 
Generally, the increased in number of fins led to an increase 
in freshwater productivity as shown in Figs. 9 and 10. 
Moreover, taking into consideration other factors in this 
study, it is observed that the number of fins had the most 
significant effect on the freshwater productivity of this solar 
desalination system.

Fig. 11 shows the relationship between the time of the 
experiment and the freshwater productivity of the exper-
imental solar desalination system. The system produced 
the highest amounts of freshwater in June 2019. The solar 
radiation levels are the highest during June as compared to 
other months and had sufficient sunny hours as shown in 
Table 1.

In comparison with the reference case for the conven-
tional solar still, the amount of freshwater production rate 
in any of these months was much higher. Numerically, in 
June the average daily accumulated freshwater produced 
was 12,350 mL when the volume of the cooling water was 
250 L and the flow rate was 400 L/h with 80 fins on the 
outer surface of the condensing pipe. While the produc-
tivity of the conventional solar still in the same month was 
4,000 mL as depicted in Fig. 5. Which is about 300% more 
than the productivity of the conventional solar still system. 
This demonstrates the superiority of the solar desalina-
tion system used in this study. This increase was obtained 
because the external condenser was used for the solar still 
instead of the traditional solar still condenser consisting of 
the transparent cover.

4. Conclusions

The use of external water-cooled finned condensing pipe 
as an external condenser with the basin type solar still led 
to a significant increase in freshwater productivity. From 
the experimental results that have been undertaken, it can 
be drawn the following points:

• This experimental solar desalination system produced 
more freshwater than the conventional basin type solar 
still when cooling water volume, cooling water flow 
rate, number of fins in the condenser were increased. 
Moreover, the number of fins had the most significant 
effect on the freshwater productivity.

• The highest amounts of freshwater were produced in 
June, because it had higher solar radiation levels than 
other months, and had sufficient sunny hours.

• To increase freshwater productivity, it was found that the 
best cooling water rate was 50 L/h to cool the condenser 
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Fig. 9. Effect of the number of fins in the condenser on 
the system’s freshwater productivity when the volume of 
the cooling water was 250 L and the flow rate was 400 L/h 
(in June 2019).
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Fig. 11. Average daily freshwater productivity by months 
when the volume of the cooling water was 250 L and the 
flow rate was 400 L/h with 80 fins on the outer surface of the 
condensing pipe.
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Fig. 10. Freshwater productivity growth rate of the proposed 
solar desalination system according to the number of fins on 
the outer surface of the condensing pipe when the volume 
of the cooling water was 250 L and the flow rate was 400 L/h.
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of this solar desalination system without extra costs. 
A 13% more freshwater was achieved compared to no 
cooling water moving in the condenser.

• When the cooling water flow rate in the condenser 
was 50 L/h, the proposed solar desalination system 
produced 13% more freshwater than when the cooling 
water does not move in the condenser. For the flow 
rates higher than 50 L/h the freshwater productivity of 
the proposed solar system is also increased but with 
small amounts so increasing the cooling water flow 
rate in the condenser more than 50 L/h is unnecessary 
because it requires more energy to operate a powerful 
pump to circulate the water between the solar still and 
the condenser at higher speeds.

• Using more cooling water in the condenser will increase 
the freshwater productivity but with small amounts. 
If the volume exceeds the 79 L, an increase in the size 
of the whole system may occur, which increases the 
cost of construction and makes it impractical.

• Elevation ambient temperatures are undesirable for solar 
still productivity. The evaporation process rate reduces 
if the ambient temperature rises. This is because a high 
ambient temperature impacts to the rise glass tem-
perature that reduces the glass cooling. Consequently, 
less the rate of a condensation process due to a low 
difference between the surface glass temperature and 
evaporated water temperature.

• A linear relationship between the fins number in the con-
denser and the freshwater productivity of the solar still 
was observed. Furthermore, the number of fins should 
be optimized because of the increasing number of fins 
will lead to the fins’ shadow effects.

• Because one shape and limited numbers of fins were 
used in this solar desalination system, there is a need 
for additional studies focusing on the relationship 
between the different shapes and numbers of fins in the 
condenser and the freshwater productivity.
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