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Abstract: In the present experimental work, the energy and exergy for single slope passive solar
still with different basin water depths are experimentally investigated under the Baghdad climate
condition. The analysis is performed using the governing equations formulated according to the first
and second laws of thermodynamics. Compared to solar still with 1 cm water depth, the obtained
results indicated that raising the water depth to 2 and 3 cm caused an appreciable drop in water
basin temperature, and high levels of water basin reduction were about 4% and 9%, respectively,
from 8:00 a.m. to 14:00 p.m., which significantly affects heat and mass transfer and ultimately hinders
further water productivity. The maximum evaporation and convection heat transfer coefficients are
found (32 W/m?2-k) and (2.62 W/m? k), respectively, while the maximum productivity of solar still is
found to be 1468.84 mL/m? with 1 cm water depth. Conversely, stills with 2 and 3 cm water depth,
exhibit an increment of the daily exergy efficiency after 14:00 p.m., this increment was the most for
the still with 3 cm water depth. Therefore, we have concluded that the still with 1 cm of water depth
attained the highest water productivity, while the still with 3 cm of water depth attained the best
exergy efficiency with no additional costs.

Keywords: energy analysis; exergy efficiency; solar still; water depth; water productivity

1. Introduction

As the climate changes, many remote regions, especially in the Middle East, are facing
a severe shortage of freshwater resources. Iraq, with a population of about 40 million people,
will face multiple water challenges, including a severe shortage of drinking water [1-3].
According to United Nation reports, the water flow of the Tigris and Euphrates rivers
will be reduced by more than 25% and 50%, respectively, by 2025. As a result of reducing
water flows, the water salinity will increase. To address this issue, many researchers
have worked to use renewable energy sources, such as solar distillation technology (solar
still), to desalinate salt water [4-10]. The essential factors influencing the solar still system
performance are the solar radiation intensity, type of solar still, design of solar still, sunshine
duration, climate conditions, and geographic differences [9-14]. A detailed experimental
investigation of 10 homemade solar stills at glass inclination angles of 10, 15, 20, 25, 30,
35, 40, 45, 50, and 55 degrees under Iraqi climate conditions was performed by Azooz
et al. [15]. The findings demonstrate that the inclination angles between 30 and 35 have
the least water productivity and performance, while the inclination angles between 20
and 25 have the best water productivity and cost-effectiveness. Another experimental
investigation concerning the influence of absorber plate surface shape on the stepped solar

Appl. Sci. 2022,12, 8561. https:/ /doi.org/10.3390/app12178561 https://www.mdpi.com/journal/applsci


https://doi.org/10.3390/app12178561
https://doi.org/10.3390/app12178561
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/applsci
https://www.mdpi.com
https://orcid.org/0000-0003-1221-3567
https://doi.org/10.3390/app12178561
https://www.mdpi.com/journal/applsci
https://www.mdpi.com/article/10.3390/app12178561?type=check_update&version=2

Appl. Sci. 2022,12, 8561

2 of 14

still thermal performance and water productivity [16]. The obtained data showed that
utilising the convex absorber plate resulted in higher average water productivity than
using the flat absorber plate. According to Kabeel et al. [17], the still’s energy performance
is strongly affected by basin water depth. They experimentally studied the influence of
water depth on the energy performance of the pyramid solar still painted with TiO, nano
black paint under Egyptian climate conditions. They claimed that as the depth of the water
decreases, the temperature of the basin water rises, resulting in higher water productivity.
Moreover, their results indicated that the best productivity was found at a water depth of
1 cm. Manokar et al. [18] experimentally confirmed that varying the water depth in pyramid
solar still has a significant influence on energy performance and water productivity. Their
results showed that at 1 cm water depth, maximum daily thermal efficiency was 28.50
and 26.17%, while the maximum productivity was 3.72 and 3.27 kg/ m?2 with and without
insulation, respectively. An experimental investigation was performed by Hoque et al. [19]
using a pilot-scale solar still with a variable amount of basin water (from 3 to 4) litres and
salt concentration (from 2000 to 8000) ppm under the climate conditions of Bangladesh.
The results show that the maximum water productivity can be achieved with the optimum
basin water amount (3.5) litres at which the water depth is equal to 1.6 cm. Moreover,
they found an inverse relationship between water productivity and salt concentration.
Based on the above-detailed investigations of literature, it is obvious that the productivity

of water from the still is highly dependent on the temperature difference (Tw - Tg1> ,in

which the water depth plays an important role. Although energy evaluation has been
studied and analysed intensively, it is only recently that the exergy evaluation has gained
significant attention for evaluating the performance of various solar desalination systems.
Exergy analysis, which is formulated according to the second. The law of thermodynamics
is a perspective approach for the performance evaluation, design, and optimization of
desalination systems. Torchia-Nunez et al. [20] conducted a theoretical exergy analysis of
simple configuration solar still. They reported that exergy efficiencies of the basin plate,
water basin, and the overall system are 12.9%, 6%, and 5%, respectively, for the same input
exergy. The exergy analysis of the still coupled with PCM as a thermal storage material
was evaluated by Asbik et al. [21]. The findings revealed an increase in the productivity
of water and a decrease in exergy efficiency due to using the storage materials. Another
experimental investigation used an external solar water heater coupled with the still to
evaluate the effect of outer and inner glass cover temperatures on the exergy efficiency
and water productivity [22]. They reported that when (Tgo # Ty;), the water productivity
decreases by up to 4.4% and 7.5% for passive and active solar stills, respectively while
increasing the water depth and the number of collectors led to a decrease in the thermal
efficiency. Based on the above-detailed investigations of literature, it is obvious that the
overall energy and exergy efficiencies and productivity of water from the solar still strongly
depend on the basin liner, basin water, and glass temperatures, in which the water depth
plays an important role. As per the author’s knowledge, the influence of water depth
on the energy and exergy performance of single slope passive solar still according to the
climate conditions of Baghdad city has not been reported yet in the literature. Therefore,
the present work aims to investigate experimentally the influence of the water depth on the
energy and exergy performance of a single slope passive solar still. This work is devoted to
better understanding the performance behaviour when the water depth ranges from 1 to
3 cm.

2. Experimental Setup

The vivid and schematic descriptions of the solar still under investigation are shown
in Figures 1 and 2. The solar still has a one-square-meter projected area and is made up of
several parts listed in the same figure. The basin liner (0.98 m x 0.48 m) is constructed of a
3 mm thick galvanised iron sheet and filled with salt water (with salinity up to 2000 ppm.)
from the water tank via a non-return valve and mechanical floater. The basin liner is
covered with a black material to improve the ability of solar energy absorption and then
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insulated from all sides with a fibreglass layer (k = 0.04 W/m:-K) thickness of 0.01 m to
minimise heat losses. The solar still is made of MDF wood and has dimensions of 1 m and
0.5 m in length and width, as well as 0.62 and 0.27 m in height for the large and small sides,
respectively. Single transparent glass with a 4 mm thickness mounted on the top of the still
is used as a cover for the still and also as a condenser surface. To make it airtight and to
prevent any leakage, silicon rubber is used to close any gap between the still edges and the
glass cover.

Water tank
Glass cover

Thermocouples

Anemometer

Solar meter

Data logger

Distilled water

Figure 1. Photograph view of the experimental solar still.
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Figure 2. Schematic description of the experimental solar still.
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A graded plasticware beaker is used to measure the distilled water obtained.

3. Experimental Procedure and Uncertainty Analysis

The solar still is tested under the Baghdad climate conditions (latitude and longitude
coordinates are 44.45° E, 33.309253° N) and installed in a southerly direction to maximise
the solar intensity amount incident on the still. Experimental tests are performed in three
cases during May 2022 on three days 17, 18, and 19 with close values of solar radiation to
clarify the effect of the basin’s water depth on energy, exergy, and water productivity. An
(sm 206) akozon solar radiation meter type with (£0.6%) in accuracy is utilised to record
the solar radiation incident on the still. The anemometer (UNI-T/ ut 363) type (from 0 to
30 m/s measuring range) with (£5%) accuracy is utilised to measure wind speed. Five
calibrated type (K) thermocouples, implanted in different locations, are used to measure
the temperatures of the basin liner, basin water, glass (inner and outer surface), and vapour
region. They are connected directly to a digital thermometer of type (TC9815) and have an
accuracy of (0.01%). To estimate the uncertainties of the measured data, Equation (1) [23]
has been adopted, where UR represents the variable uncertainty, X = X (v1, v2, v3 to vy,),
and Uj, Uy, U3 to U, represent the uncertainties of the independently measured variables.
Table 1 shows the measured variable uncertainties.

X \*  [oxX \* [ax K \? X \?
—U ) +(=—U| +(=—Us) +...... +{ =—U,
0, v Jdv3 vy

Table 1. Measured variable uncertainties.

Ug = 1)

Description Quantity Value
Solar radiation I; +3.7 W/m?
Temperature T +0.75°C
Water productivity My 0.87%

4. Mathematical Modeling
4.1. Energy Analysis

In the still, the energy obtained by saltwater equals the amount of energy lost via
convection, radiation, and evaporation heat transfer processes between glass and water
basins plus the energy gained by saltwater [24].

drT,
I(t)lwaw =+ Qeon.b—w = qrad.,wfgl + qcon.,wfgl + qevap.,wfgl + mwcp,lvT;U (2)

where the heat transfer rates by convection, radiation, and evaporation can be calculated
using the following relationships.

Geon.,w—gl = hconA,wfglAW (Tw - Tgl) ®3)
Grad.,w—gl = hmd.,w—glAW (Tw - Tgl) 4
Jevap.,w—gl = hevap.,w—glAW (Tw - Tgl) ®)

The coefficients of heat transfer by convection, radiation, and evaporation between
glass and basin water can be calculated using the following relations [25]:

Py — Py)T,
1) + ((2612900 g—)wa)

0.333

heon.o—g = 0.884 | (T — T

(6)
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2
Mrad g1 = €eff0 | (T +273.15)% — (Tg, T 273.15) ] x [Tw + Ty + 546} @)

_4 Py — Pgl
hevup.,wfgl =162.76-10"" x hcon.,wfgl N7 8)
To— Ty

where, Pg;, and Py, is the vapour pressure at glass and water temperatures respectively, can
be calculated using the following relations:

25.317— 214 )
w+273.15

P, = ¢ )

The heat transfer rates by convection and radiation between ambient and glass can be
calculated using the following relations:

(25.317— —214 )

Pgl —e Tq+27315 (10)
deon.gl—a = hcon.,glfaAg (Tgl - Ta) (11)
Grad.,gl—sky = hmd.,glfskyAg (Tgl - Tsky) (12)

The coefficients of heat transfer by convection and radiation between ambient and
glass can be calculated using the following relations:

hcon”gl,sky =57428V;forV>5m/s (13)
hcon‘,glfsky =28+43V; fOl’ V<5m/s (14)
4 4
Frad,gl—sky = Eeff0 {(Tgl n 273.15) - (Tsky + 273.15) } / [Tgl - Tsky} (15)

The still’s daily thermal efficiency is determined as follows [26]:

mehfg

Ndaily = m (16)

where g, is the water latent heat of vaporization in J/kg estimated by Equation (17) as
follows [27]:

hfe = 2.4935 - 10°- (1 —9.4779-10* T, + 1.3132- 10/ T , — 4.7974 - 10_9T5],b) (17)

4.2. Exergy Analysis

Exergy analysis of the still is performed by employing the governing equations for-
mulated based on the second law of thermodynamics. Consequently, the exergy balance’s
general form can be expressed as described as follows [21]:

Ex,dest = Ex,in. + Ex,out‘ (18)

where E, j,.; refers to the consumed or destroyed exergy amount, Ey oy, and E, ;, refers
respectively exergy amounts exiting and entering (losses and /or useful) via still boundaries,
and calculated by [26,27]:

Ex,in. = Ex,sun = ItAh

4 ( Top. +27316\ 1 [ Ty, +273.16\*
3( Tsun 3 Tsun ( )

mevup.hfg Tamp. +273.16
x,0ut. xevap. 3600 Ty +273.16 @0)
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where I; is the solar radiation incident on the still, A, is the basin area, and Tg,;, is the sun’s
temperature, taken as 6000 K. The exergy efficiency is thus calculated as the proportion of
the still’s output to its input, which can be expressed as follows:

Ex,out _ EX,EWP.

NEx = E (21)

x,in. Ex,in.

5. Results and Discussion

Experiments are conducted on clear sky days (17-19 May 2022) with close solar
radiation values to provide a fuller understanding of solar still performance with water
depths ranging from 1 to 3 cm. The daily variations in the solar radiation and ambient, glass,
and water basin temperatures for the three considered cases are plotted in Figures 3-5.
As time progressed, the solar radiation and all recorded temperatures increased until
they achieved the maximum values at 13:00 p.m. Then, the behaviour is reversed, and
they gradually decrease until sunset. For 1 cm water depth, the highest temperatures
recorded were 61.73,48.71, and 27.74 °C (at 13:00 p.m.) for water basin, glass, and ambient
temperature, respectively. While it is 59.99, 47.38, and 26.69 °C for 2 cm, then 55.6, 45.42,
and 27 °C for 3 cm water depth.

120 1200
1 1 cm —v—T-amb
110 4 A T.
] T-e L 1050
100 - —u—Tw i
. - - ) ®— Solar radiation
90 - e A - 900 "
@ 704 g
2 7 L 600 £
-]
T 60 £
2 <] 450 £
50 4 - 45 i
§ E
=407 L300 &
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1 = 150
20 i
10 T - T v I . I v r . r 0
8 10 12 14 16 18
Time, hr

Figure 3. Daily variations of temperature and solar intensity of the still with 1 cm water depth.
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Figure 4. Daily variations of temperature and solar intensity of the still with 2 cm water depth.

The daily variations of the basin’s water temperature of the still with a water depth
ranging from 1 to 3 cm are plotted in Figure 6. From 8:00 a.m. to 14:00 p.m., the water
temperature in the basin is higher at 1 cm than it is at 2 and 3 cm, and then it gradually
drops. Rising the water depth from 1 to 2 cm caused a decrease in the basin’s water
temperature of up to 4% (from 8:00 a.m. to 14:00 p.m.), and an increase of up to 2% (from
15:00 p.m. to 18:00 p.m.), which has a direct impact on the energy, exergy, and water
productivity. Whereas raising the water depth to 3 cm caused a decrease in the basin’s
water temperature of up to 9% (from 8:00 a.m. to 14:00 p.m.), and an increase of up to 3.5%
(from 15:00 p.m. to 18:00 p.m.). This increase in the basin’s water temperature is due to the
energy-storing ability of the water held in the basin.

120

110-
100:
90:
80-
70
60-

50:

Temperature,°c
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Figure 5. Daily variations of temperature and solar intensity of the still with 3 cm water depth.
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Figure 6. Daily variations of water temperature with respect to time. The heat and mass transfer
(inside the still) are largely affected by the water depth and basin water temperature depending on
Equations (3)—(8). The daily variations in the heat transfer coefficients by convection and evaporation
inside the still are depicted in Figures 7 and 8. As seen from the figures, at various water depths
the rate of heat transfer by evaporation is higher than the rate of heat transfer by convection under
the same operating conditions. It is revealed that the still with 1 cm water depth gives the highest
evaporation heat transfer coefficient (32 W/ m?-k) at 13:00 p-m. and then decreases to (7.7 W/ m?-k)
at 18:00 p.m. While at 2 and 3 cm gives the highest evaporation heat transfer coefficient (between 29.3
and 24.5 W/m?2-k) at 13:00 p-m. and then decreases to (between 7.76 and 8.18 W/m?2-k) at 18:00 p-m.
As aresult, the evaporation process is the dominant heat transfer mechanism, and it is greatly affected
by temperature differences between the basin water and the glass cover.

—=— 1cm
25 d —e—2cm
n —&— 3cm

-

h evap.,W-g> Wm~K

h
L

[—)

Time, hr

Figure 7. Influence of water depth on heat transfer coefficient by evaporative.
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Figure 8. Influence of water depth on heat transfer coefficient by convective.

Figure 9 shows the energy efficiency of the still with time for the three considered cases.
It is observed that energy efficiency follows the same trend as water basin temperatures
(from 8:00 p.m. to 14:30 p.m.), and then the curve’s behaviour is reversed at about 15:00 p.m.
Energy efficiency strictly depends on water productivity and solar radiation. As the
basin’s water temperature reduces, the evaporation rate declines, and therefore the energy
efficiency decreases. The decrease in the energy efficiency with 2 cm water depth is about
25% and about 54.3% with 3 cm, compared to the still with 1 cm water depth. A comparison
of the results obtained with the results of similar distillation systems according to thermal
efficiency and water yield is presented in Table 2.

55
50 4 —=—1cm
#—2cm
45 AN —4— 3 cm
40 / +m
a? ] "‘f ,"‘. J‘_“\ ™ I"\ ’,'T‘
- 354 A ‘\"-.;‘;\'_
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—5 1 v I v 1 M I I W I
S 10 12 14 16 18
Time, hr

Figure 9. Energy efficiency with respect to time.
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Table 2. Comparison with similar distillation systems.
Water Depth in Accumu}afed Thermal Climatic
Reference . Productivity . o i
Basin (cm) 2 Efficiency (%) Conditions
(mL/m~)
Abed et al. [6] 2.5 1409 22.3 Iraq
Panchal Hitesh [28] 1 1400 27 India
Khalifa A.N [29] 2 1485 30.96 Egypt
Current study 1 1448 23.62 Iraq
2 1196 23.38 Iraq
3 993 21.61 Iraq

Based on Equations (18)-(20), the hourly input and output exergy rates are depicted in
Figure 10. It is depicted that the output energy rates increase when solar radiation increases.
According to Figure 9, the output exergy rates at water depths of 2 and 3 cm decrease away
from the output exergy rate obtained at water depths of 1 cm. The output exergy dropped
by about 13% and 36%, respectively, compared to the still with 1 cm of water depth at
13:00 p.m. Figure 11 gives the exergy efficiency evolutions for the three considered cases.
Generally, the exergy efficiency trend increases progressively after 11:00 a.m. and reaches
its maximum value at 13:00. The maximum exergy efficiencies for the three considered
cases are found to be about 32.3, 31.4, and 26.0. At about 16:00 p.m., the behaviour of the
curves is reversed. It is obvious that the exergy efficiency with 3 cm of water depth was
higher than others. This behaviour was due to the energy-storing ability of the water held
in the basin, which led to an increase in the evaporation rate.

1] 40
—m—Ex.in,]1 cm
70 —¢—Exin2cm || 35
—v— Ex,in,3 cm
—&— Ex,out,]l cm | | 30
60 + —&— Ex,out.2 cm
- —w—Exont3cm|| 15 =
E 504 C:
£ (20 5
W 40+ a
= -15 =
30+
- 10
204 | 5
10— ] : : . —t0
8 10 12 14 16 18
Time, hr

Figure 10. Hourly input and output exergy rates with respect to time.
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Figure 11. Exergy efficiency with respect to time.

The accumulated variations in water productivity from solar still with a water depth
ranging from 1 to 3 cm are plotted in Figure 12. As time progresses, water production
from the solar still with 1 cm water depth increases until they achieve the maximum values
(339 mL/ mz) at 13:00 p.m. Then, the behaviour is reversed, and they gradually decrease
until sunset. As a result, the accumulated productivity is found to be 1468.84 mL/m?.
Increasing the water depth from 1 cm to 2, and 3 cm caused a decrease in hourly water
productivity of up to 20% (from 8:00 a.m. to 14:00 p.m.) and an increase of up to 17.2%
percent (from 15:00 p.m. to 18:00 p.m.). While increasing the water depth to 3 cm caused
a decrease in hourly water productivity up to 47.7%, (from 8:00 a.m. to 14:00 p.m.), and
an increase of 33% (at or from 15:00 p.m. to 18:00 p.m.). At 2 and 3 cm, the accumulated
productivity is found to be 1357.54 and 1223.82 mL/m?, which is 8.2% and 20% less than
the solar still at 1 cm.
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Figure 12. Accumulated water productivity with respect to time from the three considered cases of
the still.

6. Conclusions

An experimental investigation has been successfully developed to analyse the effect of
water depth on the energy, exergy, and water productivity of a single slope passive solar
still located in the Baghdad centre. The decrease in depth of basin water has managed to
increase the basin water temperature, thus increasing evaporation and convection heat
transfer processes. The average rate of evaporation heat transfer coefficient of a still with
1 cm is found at 17.4%, which is higher than the evaporation heat transfer coefficient of a
still with 2 and 3 cm by around 15.1-4.8%. This led to a decrease in water productivity and
energy efficiency of stills with 2 and 3 cm in comparison to a still with 1 cm. The average
energy efficiency of stills with 1 cm is 23.6%, which is higher than the energy efficiency of a
still with 2 and 3 cm by around 9.3-1.1%. In terms of exergy efficiency, the still with 2 cm
attained the most elevated exergy efficiency, followed by the still with 1 cm and then the
still with 1 cm. Overall, it can be concluded that the still with 1 cm is the most acceptable
option in terms of energy efficiency and water productivity as it is ranked highest in all
obtained parameters. To further understand the performance behaviour, the basin water
depth (below 1 cm) should be checked.
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Nomenclature

1 Solar radiation, W/m?

P Pressure of vapour, Pa.

h Heat transfer coefficient, W/m?2-K.
T Temperature, C.

A Area, m2.

Cp Specific heat, k] /kg K.

UR Uncertainty, -

m Amount of water productivity, mL/ m2.
\% Wind speed, m/s.

hfg Latent heat of vaporization, J/kg.
Abbreviations

con. Convection.

rad. Radiation.

evap. Evaporation.

gl Glass.

w Water.
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