International Journal of Industry and Sustainable Development (1JISD), Volume 6, Issue 1, Jan 2025

Print ISSN 2682-3993
Online ISSN  2682-4000

Enhancing solar still productivity: Dealing with design
parameters

A. M. Tayeb®! H. M. Geddawy?
Chemical Engineering Department, Faculty of Engineering, Minia University, Minia, Egypt

Water Plant, New Valley, Egypt
*Corresponding author: agharid.tayeb@mu.edu.eg

Received 11 Sept. 2024 — Revised 01 Oct. 2024 — Accepted 11 Oct. 2024

Abstract:

Water desalination processes have become of prime importance due to the increasing
demands for fresh water. Due to the rapidly increasing prices of fossil fuel and caring about
environmental safety, use of solar energy has drawn the interest of many researchers in the
last few years as a means of an environmentally-friendly process for water desalination. The
present study is an investigation of the effects of operating and design parameters on the
performance of single-slope basin-type passive solar stills. A series of stills with the same
external dimensions are used. Modifications are limited to the still basin by changing either
the water depth or the shape of the still basin. The amount of water distillate, ambient
temperature, vapor temperature, basin temperature, glass temperature and solar intensity were
recorded. The results showed that water depth 0.4 cm gives the highest productivity of 2096
ml /m?/day. The effect of the material of construction was studied. The results showed that
the productivity of the stills increases by 16.7% when using metal as a construction material;
compared to glass. Use of energy absorbing materials in the basin of the solar still increased
the still productivity by 4.1%. Using a corrugated metal sheet in the bottom of solar still
reduced the active area of evaporation to half its original value but the productivity was
higher than half the productivity of the reference still.
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I. INTRODUCTION

Desalination is the process of purifying salt water into drinkable fresh water. Most of the
modern interest in desalination has focused on providing fresh water for human consumption
at low cost [1]. Since the desalination of water by evaporation requires a great deal of energy,
solar desalination has recently been the subject of much research work [2]. Water is
desalinated in several ways: reverse osmosis (RO), nanofiltration (NF), electrodialysis (ED),
membrane distillation (MD), and solar desalination [3]. Solar desalination remains the most
cost-effective method for supplying water to small communities in remote villages [4].

Solar stills fall into two broad categories: passive and active stills [5]. Passive stills heat water
directly, without active elements such as heaters or boilers, and do not add preheated water
from other sources [6, 7]. They are simple in design and do not require an additional heating
element [8]. Active stills, on the other hand, have active heating elements. Preheated water
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can also be used [9]. Passive and active stills can be further divided into efficient and
conventional designs [10].

The actual amount of water that can be distilled depends on a whole range of factors,
including geographic location, position of the sun, general meteorological conditions, solar
still design, and operating technique [11, 12]. There are many operating parameters that affect
solar still productivity such as: Water depth, coloring of water with dye, water mass flow rate,
salt concentration, use of phase change material (PCM) and absorption and storage materials
[13]. There are several reviews dealing with the research and development of solar distillation
systems [14-17].

The major limitation of solar distillation systems is their low productivity compared to
conventional desalination processes [18]. Thus, the aim of this work is to investigate the
factors increasing the yield of solar distillation systems. This is attained by changing the
shape of the bottom of the basin, the depth of water in the basin or the construction material.

Il. Experimental Work:

A. Experimental setup:

All experiments were conducted at the Solar Energy Laboratory of the Faculty of
Engineering, Minia University, Egypt (30 45' east longitude). The present study is an
investigation of the effects of operating and design parameters on the performance of basin
type passive solar stills. A series of stills (all with the same basin area of 1 m?) were used
(Fig. 1). Some stills are made of galvanized iron with a glass cover, while others are made of
glass. Design parameters included: type of construction material (metal or glass), evaporation
area, shape of the basin (flat or fluted), and use of a heat-absorbing material. Series of
experiments were conducted with two different passive solar tanks, one with glass walls and
the other with metal walls, to investigate the effects of the construction material on improving

the productivity of the solar still during the day.
i

—— 'x L'. .
Fig. 1: Photo of the solar stills used

B. Material and method:

1. Material:

Sodium chloride (NaCl, Analytical grade) and distilled water are used for the preparation of
salt water required for the desalination experiments.
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2. Method:

All experiments are carried out in batch at room temperature. Synthetically prepared salt
water is used in the experiments by adding an appropriate amount of salt to distilled water to
simulate saline seawater. Sodium chloride at a concentration of 35,000 ppm is used to
simulate Mediterranean Sea water. Saline water is introduced into the distillation pool, and
the distillation unit is left under sun rays to help evaporating the water in the pool. The
productivity of the distillation unit is monitored hourly (V, in ml) and other variables are also
recorded. The variables recorded are ambient temperature, pool temperature, glass cover
temperature, and solar intensity. Temperature is measured with thermocouples connected to a
digital multipoint meter (Fluke) "2166A", and the solar intensity is measured with a digital
millimeter (HAENNI) "solar 130". The daily productivity is the total amount of desalinated
water collected during the experiment hours. The daily thermal efficiency for stills is
calculated using the relationship (Kabeel et. al, 2016) [19]:

_Qxh
AXI

Where:

E = overall thermal efficiency

Q = daily output (liter)

h = latent heat of vaporization (2.260 MJ/I)

A = area of the glass surface of the solar still (m?)
| = average daily solar radiation (MJ/m?)

I11. Results and Discussion:
Experiments were conducted in April, July and August of 2020.

A. Effect of the material of construction:
Series of experiments were conducted on:
1. Passive solar system with glass walls
2. Passive solar system with metal walls; to study the effect of construction material on
performance.
Fig. 2a shows the hourly productivity for two stills; one is made of glass and the other is
made of galvanized iron. Experiment is carried out on 3/4/2020. It is observed that the
productivity is higher near noon (for both stills). However, the productivity of the galvanized
iron still is always higher than that of the glass still.
The accumulated productivity (daily productivity) of the two stills is shown in Fig. 2b.
During the experimental period (from 10:30 am to 4:50 pm), the total productivity was 1330
and 1107 ml for the metal and glass stills, respectively. The use of galvanized iron in the
sidewalls of the stills increases the productivity of the solar still by 20% compared to that
made of glass. This agrees with the results of Kabeel et al., 2014 [20]. The efficiency of the
still is 20.5% and 24.6% for the glass and metal stills, respectively.
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Fig. 2: (a) Hourly productivity of metal and glass stills, (b) Daily productivity and
efficiency of glass and iron stills, (c) Change of hourly productivity of glass and metal
stills with solar intensity and (d) Change in pool temperature for metal and glass stills

(Th, metal still & Th, glass still) and ambient temperature over time of experiment

Fig. 2c shows the change in hourly distillate productivity as a function of solar intensity. It is
clear that both curves show the same tendency, i.e. the productivity of the stills increases with
the solar intensity. Fig. 2d shows the variation of the basin (Th) and ambient (Tambient)
temperature with time of the day. It can be seen that the basin temperature of the metal still is
higher than that of the glass still, and both are higher than the ambient temperature but have
almost the same trend. This explains the higher productivity of the metal still compared to the
glass still, as shown in Fig. 2a and b. At midday, the ambient temperature was 40°C, while
the pool temperatures for the metal and glass stills were 61.1 and 53.5°C, respectively. At
sunset, the basin temperatures of both stills are almost the same (35 and 35.6°C for metal and
glass stills, respectively (but still higher than the ambient temperature of 29°C), which is due
to the higher thermal conductivity of metal compared to glass and the associated higher heat
loss from the basin [21].

Throughout the day, there is a temperature difference between the cover of the still and the
temperature of the water basin. This temperature gradient is the driving force for evaporation
and condensation of water, which in turns affects the productivity of the still [22].

57
https://ijisd.journals.ekb.eg/




International Journal of Industry and Sustainable Development (1JISD), Volume 6, Issue 1, Jan 2025

Print ISSN 2682-3993
Online ISSN  2682-4000

The relation between the temperature gradient (between basin temperature Th and glass
temperature Tg) for both stills and its productivity are shown in Fig. 3. It is noticeable that a
maximum hourly productivity of 400 ml/h/m? is reached at noon (at 13:30) for the glass still,
while for the metal still it is 420 ml/h/m? at 12:00 (SI = 908 W/m?).
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Fig. 3: Change in hourly distillation output with the temperature gradient (3/4/2020)

B. Effect of still basin shape on its productivity:

Two solar stills with different basin shapes were used in this test. One still has a flat basin,
and the other has a basin made of galvanized corrugated sheet metal, so the area filled with
water (evaporation area) is almost reduced to half compared to the other still (only the deep
areas are filled with water). Although both stills have the same condensing area, the results
shown in Fig. 4 indicate that the still with shallow basin (larger area) has higher productivity.
Thus, the productivity of the still is proportional to the evaporation area (area of the still).
However, it is interesting to note that even though the area filled with water of the corrugated
basin is almost half that of the flat basin, the productivity is more than half that of the flat
basin. This could be because the higher metal parts of the corrugations act as absorbers of
solar energy, increasing the basin temperature and consequently the distillation productivity
[23].
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Fig. 4: Change in hourly still productivity with the shape of the basin (4/4/2020)
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As shown in Fig. 5a, the daily productivity of the still with flat basin is 1400 ml/m?%day,
while the corresponding daily productivity of the still with corrugated basin is 1304
ml/m?%day. Thus, the productivity of the flat basin still was increased by 7.4% even though
the water-filled area of the flat basin is almost twice that of the corrugated basin, and the
system efficiency was 25.9% and 24% for the flat basin still and the corrugated basin still,
respectively.
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Fig. 5: (a) Change in daily productivity and efficiency with the shape of still basin
(b) Change of the basin temperature in stills with flat and corrugated basins with time
and ambient temperature

Fig. 5b shows the change in pool temperature for both types (with flat and corrugated basin)
with ambient temperature. It can be seen that the temperature of the wavy pool is higher than
that of the flat pool, and both are above and almost parallel to the ambient temperature curve.
This is because the higher areas of the corrugations are exposed to the sun's rays and act as an
extended surface or fins that absorb more solar energy, increasing its temperature [24].
However, the solar still with a flat basin is more productive than the one with a fluted basin
because it has a larger evaporative surface area [25]. Although the temperature gradient (Th-
Tg) is larger for the corrugated basin (Table 1), the daily productivity of the shallow basin is
higher due to the larger evaporation area. Thus, evaporation area is a predominant factor in
increasing productivity [26].
Table 1: Temperature gradient and productivity of flat and corrugated stills

Local Time Tb-Tg, Flat Basin Tb-Tg, Corrugated Hourly Hourly Productivity,
Basin productivity, Corrugated Basin
Flat Basin

9:00 1.7 3.3 0 0

10:30 3.8 4.3 75 106
12:00 4.6 6.1 455 405
13:30 3.3 5.6 415 395
15:00 3.0 5.7 350 280
16:30 1.9 33 105 118
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Fig. 6a shows that hourly still productivity changes with solar intensity (S.l.) values. It is
clear that productivity is higher around noon when higher values of solar intensity are
reached. The maximum hourly productivity at noon time was 455 ml/m? and 405ml/m? for
the flat and corrugated basins, respectively, and this was at a solar intensity of 690 W/m?.
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Fig. 6: (a) Hourly productivity of stills as a function of solar intensity (SI) (4/4/2020)
(b) Change of temperature gradient and ambient temperature with time

Fig. 6b shows the temperature gradient between the glass cover and the pool temperature for
the flat and corrugated pool stills. It is clear that even at sunset there is still a temperature
difference, resulting in low production of desalinated water at sunset. Although the
temperature gradient is higher for the corrugated basin, its productivity is lower than that of
the flat basin. This is because the evaporation area of the flat basin is larger and therefore the
amount of water evaporated is higher [27]. Therefore, it can be said that the temperature
gradient between the glass cover and the distillation basin is not the only factor that increases
the productivity of distillation, unless it is supported by a large evaporation area. The
efficiency was increased by 35% when a corrugated basin was used.

C. . Effect of using energy storage material on the productivity of solar still:
(Use of copper tubes in still basin):

An important parameter affecting distillery productivity is the use of a heat absorbing
material. In this test, two similar stills were used with copper tubes (in the form of a
serpentine) added to the basin of one still as an energy storage material. Fig. 7a shows that
the effect of the copper tubes on increasing the productivity of the stills is visible just after
midday and before sunset. This can be explained as follows: Around noon, the copper tubes
begin to heat up due to solar radiation, which is not the case in the morning because the tubes
are immersed in water [27]. Before sunset, the water in the basin starts to cool down, but the
copper tubes still have some stored energy, which helps to increase the productivity of the
still during this time. The maximum productivity of the still with copper tubes was 470 ml
and it was reached around noon, while the maximum productivity of the still without copper
tubes was 400 ml and it was reached shortly after noon.
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Fig. 7: Change in hourly productivity over time for stills with and without copper tubes (a)
(23/4/2020) and (Tb-Tg) versus local time for stills with and without copper tubings (b)

However, the temperature of the pool with copper pipes does not show this variation between
the morning and afternoon periods and is always slightly higher than the temperature of the
pool without copper pipes. This is noticed when recording the driving force for evaporation
(To-Tg); as shown in Fig. 7b. The maximum temperature gradient was 7.5°C and it is reached
at 11 am. It is interesting to note that the temperature gradient is negative at the beginning of
the day. This could be due to the glass cover being exposed to solar radiation at the beginning
of the day and therefore heating up to a higher temperature than the temperature of the pool,
resulting in a negative temperature gradient [22]. As time progresses, the pool begins to warm
up, increasing its temperature and thus yielding positive values for the temperature gradient.
This is consistent with the results in Figs. 7a, b where no yield was obtained at the beginning
of the day when a negative temperature gradient prevails.

Change of ambient temperature with time is also shown in Fig. 7b. Besides, the higher hourly
productivity of the still with copper tubes is related to the higher solar intensity, as shown in
Figs. 8a. This is due to the effect of the copper tube as an energy storage material [25], and it
is noticed at maximum solar intensity (around solar noon). The change in hourly distillation
productivity with solar intensity shows the same trend as before (in sections 3.1 and 3.2), i.e.,
an increase in distillation productivity with higher values of solar intensity. The maximum
hourly productivity of the still with copper tubes was 470 ml and it is reached at noon (at
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mtximum value of solar intensity). This compares to 400 ml for the still without copper tubes
at the same time. Although the difference between the productivity of the two stills is not
large in the morning, it becomes more evident in the afternoon period, which can be
attributed to the effect of the copper tubes as an energy storage medium [28- 30]. This effect
continued until the hour of sunset, when the solar intensity recorded its minimum value of
100 W/m?. The daily production of desalinated water for the still with copper tubes was 1530
ml compared to 1470 ml for the still without copper tubes (Fig. 8b). Thus, an increase of
4.1% due to the copper tubing is accomplished. The system efficiency was 37% and 35% for
stills with and without copper tubing, respectively.
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Fig. 8: (a) Hourly productivity with solar intensity, (b) Daily productivity and still efficiency

3.4. Effect of the brine depth in basin:

Under the weather conditions of 7/4/2020, an experiment was conducted with four
similar stills with different values for the brine depth in the still. Values of 0.4, 0.5, 0.6, and
0.8 cm of water depth were used to study the effect of varying the water depth on the
productivity of the solar still. The results of this test are shown in Fig. 9a as hourly
productivity as a function of local time and in Fig. 9b as accumulated productivity for the
stills (daily productivity) with different water depths in their basins.
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Fig. 9: (a) Change of hourly still productivity with water depth in basin (7/4/2020)
(b) Cumulative distillation output and distillation efficiencies for distillation units with
different water depths (7/4/2020)
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It is clear from Figs. 9a and b that as salt water depth increases, distillate productivity
decreases. As sunset hour approaches, the pool temperature and solar intensity decrease, and
the productivity decreases rapidly. The distillate output of the solar system varies with the
intensity of solar radiation, which is usually highest at midday (around 12 noon) and then
decreases towards sunset (sunset on the experimental day was at 18:27). As shown in Fig. 9a,
although the still with a water depth of 0.8 cm had the lowest productivity during the day, its
productivity exceeded that of the 0.6 cm pool at the end of the day and even after sunset. This
could be because greater water depth means greater water volume, i.e., greater heat capacity
for water, which helped to increase the productivity of the 0.8 cm water depth still compared
to the other stills; at the end of the sunny day [23]. However, the production of the still with
0.8 cm water depth is delayed compared to the other stills because it takes a while for the
water to heat up and reach evaporation due to the larger mass of the still water compared to
the other stills [21]. Fig. 9b shows that the accumulated amount of water per day reaches
2096, 1455, 1163 and 476.5 ml/m? after 10 hours of distillation operation for stills with 0.4,
0.5, 0.6 and 0.8 cm water depth, and the corresponding efficiencies are: 56.5%, 39.2%, 31.3%
and 12.8%, respectively. Thus, the maximum daily yield is 2096 ml/m? for the still with 0.4
cm depth. This indicates that the performance of a solar still is high when the water depth of
the pool is shallower. A 77% decrease in the distillation unit efficiency was achieved when
the water depth was increased from 0.4 to 0.8 cm. The distillate output of the solar still varies
with the intensity of the total solar radiation. It increases to a maximum value at 12 noon and
then decreases with time. The maximum yield is 2096 ml/m? for the still with 0.4 cm depth. It
should be noted that the basin temperatures decrease with increasing water depth in the basin.
This is evident from the results in Fig. 10a (along with ambient temperature) and is an
explanation for the fact that still productivity increases with increasing water depth. Despite
the lower daily productivity, the still with a water depth of 0.8 cm reached almost the same
pool temperature at the end of the day (39°C). This is the same as for the stills with 0.4 and
0.5 cm water depth), which can be attributed to the relatively higher heat capacity [29].
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Fig. 10: (a) Change of the basin temperature with water depth in the basin (7/4/2020)
(b) Efficiencies of the different stills considered in the study

Fig. 10b shows the efficiencies of the different stills considered in this study. It is clear that
the highest efficiency (37%) is achieved by the still with copper pipes. This is followed by
the stills without copper pipes (35%) and the stills with flat basin (25.9%). The stills with
metal walls and the stills with corrugated basin have almost the same efficiency (24.6% for
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the first and 24% for the second), while the still with glass walls has the lowest efficiency
(20.5%).

IV. CONCLUSION

In this study, the effect of design and operating parameters of solar stills on their productivity
and efficiency was investigated.
- The use of galvanized iron in the stills increased the productivity of the stills by 20%. The
efficiency of the stills is 20.5% for the glass stills and 24.6% for the metal stills. The total
productivity was 1330 ml/m2/day and 1107 ml/m2/day for the metal and glass stills,
respectively.
= The productivity of the still with corrugated basin is higher than half the value for the
flat basin still. The maximum hourly productivity at noon was 455 ml/m? and
405ml/m? for the flat and corrugated basins, respectively, and this was at a solar
intensity of 690 W/m?.
- The maximum productivity of the still with copper tubes was 470 ml and it was
reached at noon, while the maximum productivity of the still without copper tubes
was 400 ml and it was reached shortly after noon.
= The accumulated water per day reached 2096, 1455, 1163, and 476.5 ml/m? after 10
hours of distillation operation for stills with depths of 0.4, 0.5, 0.6, and 0.8 cm, and
the corresponding efficiencies were 56.5%, 39.2%, 31.3%, and 12.8%, respectively.
= The maximum daily yield is 2096 ml/m? for the still with 0.4 cm depth.
= The highest efficiency (37%) is achieved by the still with copper pipes. It is followed
by the stills without copper pipes (35%) and the stills with flat basin (25.9%).
= The stills with metal walls and the stills with corrugated basin have almost the same
efficiency (24.6% for the first and 24% for the second), while the stills with glass
walls have the lowest efficiency (20.5%).
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