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ABSTRACT

In Southern Algeria, the only source of drinking water is underground water; however, it is of high
salinity. In this area, the solar irradiance is high throughout the year and the quantity of ground-
water is enormous; hence, the solar distillation of this water seems to be the cheaper way to solve
the shortage encountered in fresh water. This experimental work presents a coupling between the
solar chimney power plant and conventional solar still. The aim is to increase the output on distil-
late by providing the still by supplement and boost heat. To do that, two single slope glass-sides
solar stills and solar chimney prototypes have been installed and tested at Ouargla University. One
of the two solar stills is coupled with the solar chimney through a copper tube with serpentine
shape containing hot brackish water coming from the chimney and crossing its absorber, while the
other still remains as witness. Experimental results reveal that the average rise of brackish water
temperature in the still’s absorber roughly reaches approximately 20°C and the daily output of dis-
tillate reaches 6.951 kg/m?*/d with an improvement of almost 158% compared with the baseline case.
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1. Introduction

Access to potable water remains an important challenge
inmany parts of the world. The oceans contain approximately
96.5% of all water present on Earth. However, this water
exists in the form of salt water. The fresh drinking water con-
stitutes only 2.6% of the totality of water on ground being
primarily in the rivers, underground or covering the north
and the south poles in the ice form. Only 1% of drinkable
water can easily be reached by humans and is available for
their daily use [1]. Today, approximately 40% of the world
population lives under the threat of water deficiency, and
this situation will become worse in the near future if trends
in daily consumption continue to rise [2].

The provision of potable water to the population
stays one of the most important issues for the countries
worldwide. The last world reports on fresh water classify

* Corresponding author.

Algeria among the top countries most concerned by fresh
drinkable water shortage [2]. In the south of Algeria, the
groundwater reserves are very important; almost 76%
of Algerian ground water are located in this region. The
population of these areas uses this water for their daily
consumption although its salts concentration reaches some-
times 8 g/L in some locations; whereas the World Health
Organization announces that the safe drinking water
should contain only 0.5 g/L of dissolved salts [2-5].

The desalination of these brackish waters by the use of
fossil energies’” methods remains expensive and requires
large collective installations; in contrast, the use of solar
energy seems more advantageous because it is the suitable
renewable source to produce drinkable water consider-
ing the important irradiation that characterizes these areas
during the year on the one hand and the simplicity of the
used devices on the other hand [3].
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Conventional solar stills are classified into two catego-
ries: active [6] and passive solar stills [7]. Solar distillation
using conventional solar stills is the most friendly environ-
mental manner and economical way to distillate the brackish
and/or saline water [4]; however, it remains far from satis-
fying the increasing demand of drinking water considering
the poor effectiveness of these apparatuses which a well
designed and constructed conventional solar still does not
exceed 4.5 L/m?%/d, that is, 1 m*/m?¥/y of distilled water under
good operational conditions [8,9]. The essential cause of
these low outputs is due mainly to certain points namely: the
heat losses towards ambient air through the assembly parts,
the heat carried away by the warm distillate, the internal
overheating caused by the greenhouse effect, the increase of
the condenser temperature due to the latent heat of conden-
sation released by vapors... etc. However, properly and cor-
rectly constructed and well maintained, conventional solar
stills have been reported to operate successfully for about
20 y or more [2-5].

To improve the daily production of these distillers,
several attempts were carried out by researchers. Certain
investigators founded useful relationships and correlations
governing the heat and mass transfer within these devices;
those relations and correlations have been considered as
references and bases for the well construction and the high
performance of these apparatuses [10-14].

These researchers simulated mathematic models and
different designs for different still types in different oper-
ational cases and climatic conditions [15,16]. Some of these
theoretical studies are followed by experiments in order to
validate them and generally, these studies revealed that theo-
retical and experimental results were in agreement [17].

Pure experimental studies are carried out by other sci-
entists trying to improve the output of these devices by sev-
eral new techniques [18]. One of these techniques is the heat
storage medium within absorber plate; this was achieved by
adding materials like gravel [19], stone, alluvial sand [4,3],
cement [3], sponge [5], jute cloth [20], rubber, wax, nano-
composite energy storage [21], etc. Those materials increase
significantly the distillation period (overnight distillation)
by playing the role of heat storage medium which leads to
high still outputs.

Adding absorbent materials like dyes, ink, bitumen,
charcoal, etc. [22-25] is another technique to enhance the
absorption of solar radiance by water which leads to a
remarkable enhancement of distillers’ yield.

Another researchers’ technique is by playing on the
characteristics and/or physical parameters of the con-
denser in order to increase the performance of the conden-
sation phenomenon by diminishing its temperature and/or
increasing its surface [26].

Some experimental investigations were carried out by
adding semiconductors (metal oxides) to the surface of
absorber like K,0, MgO, MnO,, TiO,, Na,O, ZnO, SiO,, etc.
These latter play the role of photocatalysts leading to high
distiller yields and high distillate quality because some of
these metal oxides can also play the role of adsorbent materi-
als by adsorbing and/or degrading some organic compounds
generally accompanying water like phenols [3-5,27,28].

Using of phase change materials (PCMS) method is
another researchers’ proposal in aim to profit from the latent

heat of phase change for distillation process; the latter feeds
absorber plate by supplement energy and consequently leads
to high distillation performance [29].

One of the recent method is the use of nano-technology
by adding nano-sized particles within the absorber basin to
increase the heat and mass-transfer effectiveness and hence
to improve the still efficiency [30,21]. The nano-particles
added are generally fine particles of metallic or non-metallic
compounds.

Some other researchers coupled solar stills with other
thermal devices like solar heaters, PV [31,32] and solar chim-
neys [33]. In the first case, the second device serves to heat
water before entering the distiller but in the second case,
the water within the absorber is heated twice by direct solar
rays and by blackened serpentine of copper-containing
heated water coming from the chimney. Other investigators
used various techniques by adding evaporation chambers
[34] or solar concentrators [35].

To save time and energy, certain researchers used geo-
thermal water to feed directly the distillers [36-41]; although
this method gives good outputs, but qualitatively, the dis-
tillate will need biological analyzes before consumption
because it can contain some volatile organic compounds
which are harmful to human health.

In order to enhance the water evaporation rate, other
researchers used and carried out a new technique by gen-
erating air bubbles through the water within the absorber
plate [42—44]. While crossing water, the dry bubbles become
humid and after leaving water the vapor transported by
these bubbles condenses on a cold surface; this action
increases remarkably the quantity of distilled water and
reduces the start-up distillation time.

To achieve better performances, several types of solar
stills have been proposed by researchers and investigators,
namely, multiple-wick solar still [45] and [46], cascaded
type [47], multiple-effect solar still [48] and [49], verti-
cal type [50] and [51], conical solar still type [52], inverted
absorber type [53] double condensing chamber solar still [54]
tubular type [55], “V” type [43], triangular pyramid [56], etc.

In this experimental investigation, an attempt is made
to benefit from the thermal energy of the solar chimney and
use it to strengthen the distiller energy intake. This method
consists of coupling the solar distiller with the solar chim-
ney via a metallic serpentine pipe containing brackish
water circulating around the collector of the chimney. After
being heated, a part of the hot water is deflected towards
the still to further increase the temperature of the brackish
water in its absorber plate and consequently leads to rapid
evaporation of water and hence to a higher evaporation
rate, i.e. a high distillate flow rate; while the other part of
heated water serves for domestic uses.

One of the technique for converting solar thermal energy
to electrical power is the solar chimney power plant (SCPP);
this device can be used in sunny areas especially in arid
and semi-arid lands such as southern Algeria where the
solar radiation rate is high [2,57]. This plant can also serve
to dry food [58], heat air and water and helps to produce
hydrogen [59].

The solar chimney power system consists of a vertical
cylinder surrounded by a transparent collector. Solar radi-
ations heat the air trapped between the collector and the
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ground, the latter draws upwards by hydrostatic pressure’s
difference between the base and the top of the chimney;
the air speed launches a turbine-driven generator located
at the base of chimney.

Solar desalination and solar chimney plants proto-
types were installed and set up at Ouargla University with
the aim to achieve our experimental study which consists
to couple the two devices (distiller test and solar chim-
ney) in order to reduce the distillation start-up time and
to improve the solar still efficiency after strengthening the
still’s energy intake.

The mean solar irradiance period in the town of Ouargla
(latitude 31.95° N, longitude 5.40° E and altitude 141 m) is
around 3500 h/y, delivering some 2650 kWh/m?*/y of solar
irradiance on the horizontal surface [60]; thus, Ouargla city
is a perfect place to install solar plants.

2. Material and method

In order to perform a detailed investigation of the still’s
yield improvement, small-scale prototypes of two single
slope solar stills and one SCPP have been installed and set up
at Ouargla University (southern Algeria).

Fig. 1 shows a cross-section of the single-basin type
solar still used in our experimental study. The solar still
was made of wood 0.04 m thick. Its basin (absorber plate)
(0.40 m x 0.60 m x 0.040 m) is made of a galvanized metal
tray (to prevent corrosion) 0.003 m thick. The latter was
blackened by matte paint to ensure the maximum absorp-
tion of solar irradiance. The base of each assembly was
further lagged with a 0.04 m thick of polystyrene insula-
tion with a thermal conductivity equal to 0.033 Wm™ K™
to avoid energy loss. The 0.003 m thick removable glass
cover of the still was placed such that it makes an angle of
30° with the horizontal which is recommended for Ouargla
region [3,4]. To avoid any vapors leakage, the glass cover
was sealed firmly by silicone.

Two identical units of solar still were used in our exper-
iments; one serves as the test unit with copper serpen-
tine heater and the other serves as the witness (without
serpentine).

Local underground brackish water (23 g/L of salts)
was supplied to each unit from the tank by means of an
adjustable float to maintain the brackish water level (L) in
the absorber: 0.005 m < L < 0.010 m to ensure rapid water
evaporation [3-5]. The distillate runs along the lower edge

Glass-cover

Distillate

of the glass to collect and carry it out of the enclosure into
graduated cylinders through plastic tubing.

For the test unit, the copper serpentine tube is bonded
inside the absorber to ensure a good heat transfer; while
the witness unit remains without serpentine pipe.

Fig. 2 shows the photo of solar chimney which consists
of a (126 m?) collector area. A (PVC) pipe of 0.20 m diam-
eter and 8 m height further isolated by glass wool was
used to construct the solar chimney tower which is sup-
ported by steel beams. The collector is constructed using
steel beams to support a transparent plastic cover and the
tower. The collector surface was inclined by about 5° of
tilt angle to allow water drainage in the event of rain. The
collector height from the ground is 0.4 m near its edge and
0.85 m at the center. For increasing the greenhouse effect, the
ground was tainted with black matte paint and covered by
black plastic to absorb the maximum solar irradiance.

Fig. 3 shows the photo of the copper serpentine pipe
located between the collector of the solar chimney and the
blackened ground.

Fig. 4 shows the photo of the experimental devices
(solar chimney and solar stills).

During experiments, the measurements of solar
irradiance, ambient temperature, wind velocity, tempera-
tures of inner surface of the glass cover and that of brackish
water in the basin, water temperature in and out chimney
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Fig. 2. A cross-section of solar chimney power plant.
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Fig. 1. A cross-section of the test desalination unit.
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and distillate amount were made regularly every hour from
07:00 AM until 06:00 PM.

To make the results credible, the measuring process
was repeated 3 times during 3 subsequent days. The aver-
age values were taken for each unit and then presented
as final graphical results. It should be pointed out that
before plotting graphics, the hourly yields and the hourly
cumulus values are converted into (mL/h/m?) by dividing
them by the absorber’s surface (0.24 m?).

3. Measurement tools

Several tools were used in our experiments to measure
some physical and meteorological parameters (Table 1).

® Solar-meter (Mac-Solar) for measuring the solar irra-
diance (W/m?) with an accuracy of +1 W/m? range of
0-1,500 W/m?, and an uncertainty <3% + 1.

Fig. 4. The photo of the coupled devices solar tower-solar still
and the witness.

e Hotwire anemometer (testos416) (40 m/s max) to mea-
sure the wind velocity (m/s) and uncertainty of 1.5%.

e Thermocouples (K type) to measure different chimney
and still parts’ temperatures (°C) with an accuracy of
+0.1°C, range of 0-100°C, and uncertainty 1%.

e The previous equipments were integrated with (N-I)
acquisition box; with the same module, we can add
thermocouples to mixed-signal test systems for offering
high-performance data acquisition on PC with National
Instrument Signal Express Software (NI-SES).

e Graduates tubes for measuring the distilled water vol-
ume (1,000 mL).

¢ Thermometer to measure the ambient temperature (°C).

4. Results and discussions

Some meteorological parameters such as ambient tem-
perature (T), solar irradiance (G) and wind velocity (v)
are presented respectively in Figs. 5-7 for Ouargla city,

P8

8 &8 & & & &

Ambient temperature Ta: (°C)

8

T T T T T T T T T T T T
07:00 08:00 09:00 10:00 11:00 12:00 13:00 14:00 15:00 16:00 17:00 18:00
Local Time (h)

Fig. 5. Ambient temperature vs. local time.
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Local time (h)

Fig. 6. Solar irradiance vs. local time.
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the location of our experiment corresponding to July 24th,
2019 as a chosen day.

The ambient temperature starts with its minimal value
of 32.5°C recorded at 07:00 AM to reach its maximum
value of 49°C between 16:00 and 17:00 local time. From
Fig. 5, we can deduce that Ouargla city has a warm climate.

Fig. 6 displays the variation of solar irradiance (G)
vs. local time for the same day. As shown in this figure,
eight out of twelve values of solar irradiance are above
800 W/m?. The minimum value of 444 W/m? is recorded at
07:00 AM and the upper of 448 W/m? at the end of experi-
ments. The maximum value of 961 W/m? was recorded at
01:00 PM. The mean value for the day is 807 W/m? so, from
those values, we can confirm that this region is a perfect
place to build a solar plant.

Fig. 7 shows the variation of the wind velocity versus
local time. In this figure, the trend is not regular; the day
started without wind (v = 0), but at 11:00 AM the wind speed
reached 2.5 m/s as the maximum value of the day; however,
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Air velocity

054
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Local time (h)

Fig. 7. Wind speed vs. local time.
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Fig. 8. Absorber temperature for each unit vs. local time.

the wind was not steady either in speed or in direction. It
is possible that the wind speed influences the performance
of the turbine within the solar chimney when generat-
ing electrical power, but with these values (v < 12 m/s) it
does not have a great effect on the distillation efficiency.

Fig. 8 displays the variation of absorber tempera-
ture (T,) vs. local time for the test and the witness unit.
It’s clear that the test unit’s curve is always above that of
the witness. Concerning the test unit, the absorber tem-
perature (T, ) increases rapidly to reach 80°C at 02:00 PM;
in contrast, in the witness unit case, the increase is not
accentuated and then the maximum value is recorded at
02:00 PM is only 69°C.

Generally, absorber temperature (T, ) is directly propor-
tional to the brackish water evaporation rate; or otherwise,
to the amount of distilled water. The gap between absorber
temperatures of the test unit and the witness reaches
11°C; this difference is due of course to the heat carried
by water throughout the copper serpentine from the solar
chimney to the test unit. This additional heat accelerates
the distillation process and leads to high test still’s outputs.

As shown in Fig. 9, for the test unit, the two tempera-
tures of water in the basin and that of the absorber plate
are almost the same, but always: absorber temperature is
slightly higher than that of brackish water within; in our
case, the maximum gap between them did not exceed 1°C;
so, we can deduce that the convective and conductive heat
transfer between brackish water and absorber bonded with
serpentine is good and we can write: (absorber tempera-
ture = brackish water temperature), or otherwise: absorber
temperature = brackish water’s temperature +1°C (in our case
only).

The condenser temperature (T,) is one of the import-
ant parameter of the solar still perfgormance; low condenser
temperature leads generally to high condensation rates of
vapours i.e. high still’s output. However, in the solar still
case, the glass-cover temperature (T) remains relatively
high because of several phenomena, namely the latent heat
released after vapour condensation, the internal greenhouse
effect and the heat absorbed by the glass from solar rays.

—=u— Still water
—e— Absorber basin

Temperature (°C)

T T T T T T T T T T T T 1
07:00 08:00 09:00 10:00 11:00 12:00 13:00 14:00 15:00 16:00 17:00 18:00
Local time (h)

Fig. 9. Absorber water and absorber basin temperatures for the
test unit vs. local time.
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Fig. 10 shows the curves of glass-cover temperatures
(T) for two units: the test unit and the witness. The remark
that can be pointed out is that the temperature of the test
unit’s condenser is greater than that of the witness despite
the fact that the test unit condenses more than the witness.
Since the test unit produces more than the witness and since
both condensers are exposed simultaneously to the same
solar rays and to the same greenhouse effect, the cause is the
high value of the latent heat of condensation released on the
test unit’s condenser after the large amount of condensed
vapour. The next figure representing the difference between
the temperature of the absorber and that of the condenser
(T,,—T,) for both units will clarify this point.

Fig. 11 displays the difference between absorber and
condenser temperatures (T T for the two units. This
difference is generally the still's output key; as much as
this difference is large, the amount of distilled water is
important. It is clear from curves that the test unit pro-
duces more than the witness. The average value of this gap

—n— Witness
80— —e— Test unit

Condenser temperature : Tg (°C)

T T T T T T T T T T T T
07:00 08:00 02:00 10:00 11:00 1200 13:00 14:00 15:00 16:00 17:00 18:00
Local time (h)

Fig. 10. Condenser temperature for each unit vs. local time.
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T T T T T T T T T T T T
07:00 08:00 09:00 10:00 11:00 12:00 13:00 14:00 15:00 16:00 17:00 18:00
Local time (h)

Fig. 11. Temperature difference between absorber and condenser
for each unit vs. local time.

(T, T is 4.1°C and 1.9°C for the test unit and the witness,
respectively.

At the beginning of experiments (07:00 AM), the gap
(T,~T,) was 3°C for the test unit and 0°C for the witness;
which means that the test unit already began to distil while
this was not the case for the witness; this is mainly due
to the additional heat received by the test unit from the
chimney (because in July, the sun rises between 05:30 and
06:00 AM). The supplement heat received by the test unit
reduces the distillation start time and accelerates the process.

Fig. 12 displays the temperature profile for the water
in and out the solar chimney. The heating becomes intense
depending on the solar irradiance. To see clearly the gain
in heating temperature, we will take the average of each
temperature and compare it. The brackish water enters the
solar chimney at the mean temperature of 48°C and leaves
it at the mean temperature of 68°C with a mean gain of
20°C; sometimes the gain reaches 30°C at mid-day when
solar irradiance is high. So, from this, we can deduce that
the solar chimney is a perfect device for absorbing solar
radiation and converting it to heat. Finally, as shown in
Fig. 9, almost all the heat released by copper serpentine is
transferred to brackish water which leads to an average
increase of its temperature by about 20°C.

Fig. 13 shows the comparison between the hourly
production of the test unit and the witness versus local
time. From 07: to 11:00 AM, the gap between the two curves
is not large, but from 11:00 PM to the end of experiment,

—a— Water in Chimney
90 - —e— Water out Chimney

Water Temperature (°C)

T T T T T T T T T T T T
07:00 08:00 0:00 10:00 11:00 12:00 13:00 14:00 1500 16:00 17:00 18:00
Local time (h)

Fig. 12. The temperature of water inlet and outlet chimney vs.
local time.

Table 1
Accuracy, measurement range and error limit for various mea-
surement instruments

Instrument Accuracy  Range % error (%)
Anemometer +0.1 m/s 0-40 m/s 1.5
Thermometer +0.01°C 0-300°C 1
Thermocouple  +0.1°C 0-100°C 1

Solar meter +1 W/m? 0-1,500 W/m? <3+1
Graduate tube +10 mL 0-1,000 mL 1
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—n— Witness
—o— Test unit

Hourly yield (ml/h/m?)

* u T T T T T T T T T T 1
07:00 08:00 09:00 10:00 11:00 12:00 13:00 14:00 15:00 16:00 17:00 18:00

Local time (h)

Fig. 13. The hourly yield of distillate for each unit vs. local time.

the gap becomes very important exceeding sometimes
600 mL/h/m? of distilled water especially in the afternoon
when the solar irradiance begin to decrease. This was
explained by the heat stored within the solar chimney’s col-
lector under the effect of thermal inertia which continues
supplying the test unit with additional heat. The mean value
calculated for the hourly yield of the test unit is 550 mL/h/
m? compared with only 213 mL/h/m*> produced every
hour by the conventional unit.

The hourly cumulus for each unit is presented vs. local
time in Fig. 14. At the end of experiment, the hourly cumu-
lus becomes the daily (sunny time) output of the solar still.
From this figure, it is clear that the test unit produces bet-
ter than the conventional unit. At 06:00 PM, the daily output
is 6,951 and 2,696 mL/m? for the test unit and the witness,
respectively; otherwise, the test unit produces more than
twice as much as the witness. Thus, the yield improvement
was calculated about 158%.

5. Comparison between our study and previous works

Table 2 demonstrates small comparison between our
present study and other researcher’s works that have been

Table 2
Comparison of the present work with some results worldwide

—a— Witness
—eo— Test unit

7000 -
6000 -
5000 -
4000 -

3000 1

Hourly cumulus (ml/mz.h)

2000

11—
07:00 08:00 02:00 10:00 11:00 12:00 13:00 14:00 15:00 16:00 17:00 18:00
Local time (h)

Fig. 14. The hourly cumulus of distillate for each unit vs. local
time.

used for the solar chimney for solar desalination world-
wide. Also, this table illustrates that the present results have
good agreement with that of other researchers.

6. Conclusion

To supply the population by fresh water is still one of
the main issue of the countries worldwide. Algeria is classi-
fied by recent world water reports among the top countries
most concerned by fresh drinkable water scarcity. The pop-
ulation of southern Algeria is still use saline groundwater
for their daily consumption although that its salts concentra-
tion reaches sometimes 8 g/L in some areas. The use of solar
energy to produce fresh water by brackish water desalina-
tion is more advantageous because of the great reserves on
groundwater and the high solar irradiance that characterize
this region.

The existence of a solar chimney for scientific research
at the University of Ouargla within the framework of the
use of solar thermal energy in the heating of fluids and
the production of electricity made us think of the use to
increase the efficiency of solar stills by supplying them with
hot water, which reduces the start-up time of the distillation

Authors Study type Observations

Zuo et al. [61]
Zuo et al. [33]

Mathematical model
Experimental study
about 180 g/h.

Hammadi [62] Mathematical model

The power production and fresh water productivity increase over 7 h of activity.
Integrated system increased the use of solar energy. Maximum freshwater output is

The hybrid system to product power and freshwater driven by solar energy was used.

The size of the system has a minor impact on the amount of freshwater generated per

unit area.

The yield of freshwater power and efficiency are higher in the summer than in the winter.

Ming et al. [63] 3D numerical analysis

(ANSYS Fluent)

Current study  Experimental study

The amount of water produced increased as the number of spray droplets increased.

The system consists of a chimney, collector, metallic serpentine pipe and basin solar still

gives an improvement of 158% compared to the baseline case.
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and contributes to supplying energy to the stills in a very
short time.

The coupling between the chimney and the stills allowed
a benefit of around 20°C compared to the usual case, and
this benefit helps to double production by 158% because the
active still was able to produce around 7 kg/m?/d of distillate
in (July 2019).

Based on this experience, we will work on a new idea, which
is to place the chimney directly above the water basin and to
condense steam in pipes in the basement, where we expect this
idea will be a quantum leap in the field of solar distillation.

Symbols

G — Solar irradiance, W/m?

T — Ambient temperature, °C
T,. — Absorber temperature, °C
T, — Glass-cover temperature, °C
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