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A single-stage basin solar still augmented with flat-plate solar collector was
investigated to examine the effect of the available amount of exergy on still production.
For different temperatures, solar intensities, and distilled water production, the quantity
of exergy was computed. Calculations were performed based on experimental
measurements and readings for various weather and operational conditions. The total
distilled water produced from the collector augmented still is found to be 1807 ml/day
which is 77 % larger than that when the still worked without collector (1016 ml/day).

1. INTRODUCTION

Solar distillation is a water purification process powered by
solar irradiance. The solar still working principle is to take
advantage of the sun’s energy by vaporizing water (from a
brackish or salty source) and then re-condensing it on the cool
glass. The amount of condensed distilled water, which is salt-
free, depends on the energy input from the sun. The process of
passing the brackish water through a flat plate-type solar
collector before entering the solar still will raise the water's

temperature and thus accelerate the evaporation process inside.

This process leads to an improvement in solar still efficiency
and productivity.

To service a rising global population that will experience
increased water shortages in the future, desalination will grow
in importance. Desalination is a procedure that uses a lot of
energy and currently relies on fossil fuels, which increases the
world's water problems and contributes to global warming.
Desalination's environmental impact may be minimized by
using solar energy, which has a minimal carbon footprint [1].

In distant and dry parts of Jordan, the impact of the water
depth in the basin solar still, design, and operating
characteristics on the water production were examined. At
Mutah University, samples of brackish water at various depths
(from 0.5 to 4 cm) with 5000 ppm total dissolved solids were
examined. Six-month of research revealed that the climatic,
design, and operating circumstances had a significant impact
on the still production. The acquired findings revealed a
significant link between increased water production and the
reduced water depth, while the performance characteristics
revealed a significant correlation between water productivity
and incident irradiance [2].

Passive solar desalination performance has been greatly
enhanced by the construction of a passive vapor production
system with interfacial solar heat localization [3].
Incorporating a salt-free thermally localized multi-stage solar
still design into a low-cost system, they obtained a record-
breaking 385% efficiency of solar-to-vapor conversion at a
rate of 5.78 (L/m%h). More than 75% of the production was
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recovered by condensation [3].

Many solar-based desalination technologies have been
studied to identify the key elements that affect their
effectiveness [4]. The variables that impact performance might
vary depending on the kind of solar desalination. One of the
most crucial elements affecting the output of the systems is
solar radiation [4].

Velammal Engineering College in Chennai tested a 0.49 m?
galvanized iron sheet single-slope and single-basin solar still
to evaluate how initial basin pressure affects solar still
production. A reciprocating pump was used to control the
initial basin pressure of the solar still. At 25, 50, 75, and 101.32
kPa, the still's freshwater production was tested. Compared to
atmospheric pressure operation, solar yield rose by 67.53,
34.49, and 10.72%, respectively. The reduced pressure within
the solar system still enhances evaporation and condensation,
resulting in better production [5].

The thermos-economic performance of a solar still by
means of a RT58 (PCM) phase-change material with superior
thermophysical characteristics has been examined. According
to the data, the RT58-PCM produced a higher yield than a
standard solar still (SSS) that did not include RT58-PCM as an
energy storage medium. RT58-PCM increases solar energy
production by 46% in comparison to CSS. In terms of cost/liter
of fresh water generated and payback period, economic study
found that solar still with RT58-PCM is more economically
feasible than SSS [6].

A modified double-stage vertical distiller with a moving
disc was used by Diab et al. [7] to test the effects of altering
water depth at the optimal disc rotation speed on vertical
distillers' thermal productivity. To determine the ideal depth,
several water depths were examined at 1.5 rpm. The findings
showed that using moving discs increased the production of
the distillers. Moreover, at 5 cm depth and 1.5 rpm, the
distiller's best performance was attained. Additionally,
modified single-stage vertical distillers and modified double-
stage vertical distillers both saw 350 and 617.4% increases in
output, respectively, in comparison to the productivity of the
standard tilting distiller, which was 2.3 L/m? day [7].
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In the literature, there are several designs and adaptations
for solar stills, all of which aim to boost their performance.
Updates include a solar distiller with a revolving wick and
improved vaporization techniques [8], copper-stepped tilted
solar still [9], revolving-drum solar distiller with improved
evaporation and condensation procedures [10], rotating discs
solar still [11], mirror-equipped hemispherical distiller with
energy-saving materials [12], phase-change material
combined with Al,O3 nanoparticles in a plate solar distiller
[13], an external condenser redesigned still using nanofluids
[14], utilizing response surface approach, a pyramidal solar
still with various nanoparticles [15], artificial neural network
wick-solar still [16], corrugated absorber solar distiller with
wick and reflectors [17], reactive distillation modelling [18],
solar stills with corrugated absorbers and fins [19], corrugated
absorbers and a half-barrel modifications for a wicked-solar
still [20], and nanomaterials with corrugated surfaces [21].

Exergy is a thermodynamic quantity reflecting the peak
work obtained theoretically from a system's interaction with
its surroundings as both achieve equilibrium. A system's
exergy is a joint property with the reference environment, not
only a thermodynamic attribute [22]. An evacuated glass tube
solar collector with a single end was investigated to examine
the net exergy-exergetic efficiency and exergy destruction of
wet-type evacuated tube solar collector. The findings indicate
a 65.88% exegetic efficiency, a consistent value despite the
rising temperature differential between water entering and
exiting the collection, based on the average annual Jordan
solar irradiance [23].

Energy and exergy analysis were conducted to evaluate the
performance of a simple flat plate solar collector using water-
based Al,Os; nanofluids of different diameters and deionized
water. Nanoparticles were 13 nm and 20 nm, with a volume
percentage of 0.1%. Experiments used a stable nanofluid. The
findings show how each parameter affects collector energetic
and exergetic efficiency [24].

Exergetically, a water-lithium bromide single-effect
absorption system of 1 kW and 10 kW was examined.
Calculations are made for each component's to find the
exergetic coefficient of performance, and exergy losses. COP
ranged from 80 to 90°C for 10 kW cooling load. ECOP ranged
from 100 to 90°C generating temperature. Generators lost 40%
of system exergy. At 80°C generator temperature and 10°C
evaporator temperature, the absorber loses the least exergy
with 1 kW cooling load. Both 1 kW and 10 kW cooling
capabilities had a maximum COP at 5°C evaporator
temperature. ECOP peaked at 1.5°C evaporator temperature
[25].

On the basis of experimental research, noncorrosive,
nontoxic, and eco-friendly green thermal fluid was studied to
examine how well flat plate solar collectors work. With
increasing heat flux, mass flow rate and nano-concentration,
the collector's thermal efficiency improved; but, as the
temperature at the collector's entry increased, its efficiency
will decrease. Based on the results of tests, 0.0188 kg/s with a
0.1% nanofluid fraction increased energy efficiency by 30.8%
compared to basic fluid [26].

The literature demonstrates an energy crisis and its
environmental repercussions, the importance of increasing
energy efficiency, and the emergence of distillation systems as
one of the most vital sectors of energy applications. Energy
and exergy studies provide additional data regarding the
design, development, optimization, and performance
improvement of these energy and distillation systems. Using

energy and exergy analyses, this research aims to answer the
current critical challenges in the analysis of better and novel
distillation systems. Also, to the best of our knowledge, this
work constitutes a pioneering effort in employing exergy
analysis for the solar still supplemented with a solar collector,
as no comparable research has been discovered.

2. METHOD AND SYSTEM DESCRIPTION

The current study investigates the effects of integrating a
typical flat-plate solar collector into a single basin solar still
under Jordan climates, as seen in Figure 1. The outcomes of
this enhancement, productivity and efficiency, based on
energy and exergy analysis was reported and discussed. Also,
the energitec and exergitec efficiency of passive still was
compared to that of the flat-plate collector in conjunction with
a solar still (active still), and makes comparison between
produced quantities of distilled water in each case.
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Figure 1. Solar collector augmented still schematic diagram

3. EXERGY ANALYSIS OF THE STILL WITHOUT
COLLECTOR (SIMPLE STILL)

Heat is a form of disorganized energy. Therefore, heat
transfer is always accompanied by exergy transfer. Following
the solar still examination in conjunction with a flat-plate
collector done by Badran and Al-Tahaineh [27] the exergy due
to heat transfer may be written as:

Xnear = (1-222) @ (1)

Tw
The transfer of heat Q is given by:

Q = (mc)w(Two - Twi) (2)

The water's mass flow rate is m, and its specific heat is c;
Two is the temperature of basin water. Water temperature, Ty,
as a function of time average f(t) for time interval At is given
by the research [27]:

w
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Solving the differential equation for Ty, yields to:
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The differential coefficient a is given in terms of loss
coefficient U, as:

__U
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Uy is the bottom loss coefficient. The top loss coefficient U
is given by:

hiwhy
Ur = h1W+hfg (6)
where, hyy is the glass cover-to-ambient heat transfer
coefficient, and hi, is the water-to-glass heat transfer
coefficient.

The time average function f(t), may be written as a function
effective product of absorptivity and transmissivity (oz)es, Solar
irradiance (I(t)), overall loss coefficient (Ui=Uy+Uy), ambient
temperature (T,), and water heat capacitance (mc)y as:

(a‘[)effl(t)+UlTa

(mo)w

ft) = (7)
where, the product of absorptivity and transmissivity (az)es
depends on the radiative heat transfer coefficients of basin liner,
convective heat transfer coefficients of water, and glass (hy,hw,
hg) respectively and the fractions of solar energy absorbed by
basin liner, water, and glass (on, aw, ag) respectively.

hw hiw

hw+hp

(@D efr = ay +a, +ag

Frwting ®)
Glass to ambient convective-radiative heat transfer
coefficient (hig = heg + hyg) could be calculated as a function
of wind speed (V) using the following relation (h1g=5.7 +3.8V)
[27]:
Substituting Eqns. (2) and (4) into Eg. (1), then the still
exergy may be written as:

T
X=|1- 2 X
( [@(1—(—at))+Twoxe‘“f])
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)

4. EXERGY ANALYSIS OF THE AUGMENTED STILL
(STILL WITH COLLECTOR)

When the simple solar still is augmented with a flat-plate

collector as shown in Figure 1, exergy of the collector
augmented still becomes:
TWO

Xx=[1-— X
( [%(1—e—af)+Two><e‘af]>

((mc)w ([@ (1—e %)+ T, X e‘“t] - Two))

(10)

where, f(t) is corrected time average function to include the
effect of adding solar collector to the system and is given as
follow:
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where, I.(f) is solar irradiance incident on the augmented solar
collector, and the factor represents heat removal Fg is the
practical energy gain ratio result if the absorber temperature of
the collector being at the temperature of local fluid. The solar
radiation absorptivity («) is given by:

_ U[+FRU[AC

T (mow

(12)
where, A, represents the of collector-basin still area ratio.

A= (Ac/A) (13)

Applying the input parameters shown in Table 1 into the
governing equations, the results were presented.

Table 1. System input parameters

Local time Tamb | Tout Tin Tw
(hr) (C)  (Wim3)  (°C) (O]
9 16 400 23 18 16
10 17 590 40 23 30
11 19 780 52 30 42
12 22 950 56 36 52
13 24 1000 58 45 66
14 22 870 60 48 76
15 19 700 60 43 75
16 17 510 52 40 68
17 15 290 35 30 57

5. RESULTS AND DISCUSSION

Figure 2 shows how the sun irradiance and surrounding

temperature vary for the research site in relation to local time.
The peak solar flux (about 1000 W/m?) and ambient
temperature (about 24°C, respectively) were measured around
13 local time.
The variation of temperatures at different locations of
investigation setup were presented in Figure 3. The results
show a maximum value of temperature out of the solar
collector to be around 65°C. Theoretical temperatures inside
the solar still was found to be around 76°C. The Maximum
temperatures was found to be around 13 local time.
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Figure 2. Ambient temperature-solar intensity variation with
local time
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Figure 3. Variation of temperature with local time
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Figure 4. Variation of solar intensity and exergy with local
time (with/without collector)
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The benefit of solar collector augmentation was shown
clearly in Figure 4. The temperature of water entering the still
increases by about 30% with adding collector to the system
and these results in increasing distilled water production.
Augmenting the flat plate collector with the solar still
enhances the overall system exergy. Results presented in
Figure 4 show that the solar collector increased the system
average exergy by more than 190%. At 13 local time, the time
with maximum exergy, 12647 W is the exergy available of
solar still coupled with solar collector while it was 5000 W for
still alone with more than 150% increase.

The overall system exergy increases with increasing
temperature differences of water entering and exiting the still
since the water heat capacity rises with heating. Figure 5
depicts the influence of water temperature differential on the
still's available exergy in both cases (with and without
augmenting solar collector). Results show that for both cases,
the system exergy continues to rise until the temperature
difference approaches 20°C, at which point the exergy reaches
a steady state condition (12647 W for still with collector and
5600 W for still alone). The explanation for this is that, at this
temperature difference, the system reaches equilibrium with
the surrounding environment (i.e., the rate of energy flux
gained by the solar system equals the rate of heat loss from the
system to the environment).

When the collector is added to the still, it produces a
distilled water of about 1807 ml/day, which is 77% more than
when the still operated alone (1016 ml/day). Figure 6 clearly
illustrates the difference between the two cases, with and
without the collector, under the same average solar intensity
and exergy of Figure 4. This is due to the fact that the collector
still gains more thermal energy when it is added than when it
operates alone, and that the water-glass temperature grew at
night was primarily caused by the release of heat that has been
trapped in the water due to the thermal heat capacity effect.
Production peaks at 3:00 pm (420 ml with collector, 250 ml
without collector), with a 68% local increase.

6. CONCLUSION

The influence of the available quantity of exergy on the
production of a single-stage basin solar system still augmented
with a flat-plate solar collector was explored. The amount of
energizing exergy and its effect on distilled water production
were calculated for various temperatures and solar intensities.
Calculations were made based on experimental measurements
and readings under different operating and meteorological
conditions. With installing a solar collector to the system, the
temperature of the water entering the still increases by about
30%, increasing the system's average exergy by more than
190%. In turn, the collector-augmented still produces about
1807 ml of distilled water per day, which is 77% more than the
still's output when it operates without a collector (1016 ml per

day).
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NOMENCLATURE

Ac Collector area, (m?)

As Basin liner still area, (m?)

heg Convection heat transfer coefficient for
glass cover, (W/m2.°C)

hp Radiative heat transfer coefficient for basin
liners, (W/m?2.°C)

hirg Radiative heat transfer coefficient for glass
covers, (W/m?2.°C)

hw Basin liner-water convective heat transfer
coefficient, (W/m2.°C)

hig Glass cover-to-ambient heat transfer
coefficient, (W/m2.°C)

hiw Water-to-glass heat transfer coefficient,
(W/m2.°C)

I Solar irradiance, (W/m?)

(Mc)w Heat capacity of water mass per (m?) in
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Mw

Q
Ob

Ta
Tw
Twi

TWO
t
Up

Uy
U

Greek symbols

o
(a1)
(ot) eff

basin, (J/m2.°C)

Hourly distillate water output, (kg/m2.hr)
Amount of heat transfer, (W)

Rate of energy convection from basin liner,
(W/m2)

Ambient temperature, (°C)

Still water temperature, (°C)

Water that inlet to the still from the tank
temperature, (°C)

Water temperature at t=0, (°C)

Time (sec.)

Bottom overall heat lost coefficient,
(W/m2, °C)

Side overall heat loss coefficient, (W/m?2.°C)
Overall heat transfer coefficient, (W/m?2.°C)

Absorptivity

Absorptivity-transmissivity product
Effective absorptivity-transmissivity
product

Transmissivity

emissivity

Time interval (sec.)





