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ARTICLE INFO ABSTRACT
Handling Editor: Huihe Qiu Chemical potentials of the temperature components of the pyramid stepped basin solar distiller

(PSBSD) have been evaluated to illustrate the behavior of the water vapor and condensed water

Iéfmogdliise rule droplets during the process of solar distillation. Chemical potential is one of the main criteria in
Chemical potential terms of chemical and phase equilibrium which is obtained from the Gibbs phase rule. The
Solar still application of the Gibbs phase rule established a good relationship between the design, climatic
Equilibrium and experimental parameters of the PSBSD. The internal heat transfer coefficients of the distiller

are influenced by the intensity of solar radiation and ambient temperature which in turn explains
the intensive state of the PSBSD. It is found that the chemical potentials and the intensive states of
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the different phases of the system established a relation between the equilibrium of liquid and
vapor mixture with specifications of temperature components of the PSBSD. It is also found that
the efficiency of the PSBSD is 38.135% with a distillate yield of 4.280 1/m%day over 24 h cycle.

1. Introduction

Drinking water scarcity is one of the major problems in developing and under-developing countries [1-3]. This problem motivated
researchers to develop advanced desalination technologies to convert saline or brackish water into pure water. The most viable and
easy technique for the conversion of saline water into distillate water is the solar-based distillation technique [4-6]. Solar distillation is
similar to that of the natural convection, evaporation, and condensation process from ponds, lakes, oceans, and seas [7-9]. In solar
distillation, solar energy is utilized for the process of distillation of saline/brackish water either by passive or active methods [10-12].
The passive methods include the process of evaporation by natural means and the active method includes the auxiliary heating of
saline/brackish water for evaporation and condensation [13,13,14]. Solar distillation is a familiar well-established distillation tech-
nique and many designs of solar stills have been tested, however, evaluation methods for the performance and determination of
correlated parameters remain a hard-research issue [15-18].

Wang et al. [19] tested a combined system composed of photovoltaic panels integrated with a cooling system for a concentrator
with fresnel reflectors of linear type. The thermodynamical analysis of the obtained results indicated that the developed hybrid system
has higher overall and conversion efficiencies. It was also reported that there is a computed optimal temperature of the tube collector
that maximizes output power and system efficiency. Yang et al. [20] have constructed a solar organic Rankine cycle system and
thermodynamically analyze the system with four organic working fluids. Results of the study showed that the temperature of toluene
increased and the system reached a maximum efficiency of 17.9%. Xu et al. [21] designed and fabricated a
humidification-dehumidification system with a heat pump and thermodynamically analyzed its performance. The analysis has eval-
uated the highest gained-out ratio of 12.24 with a distillate output of 18.35 kg/kWh. Parsa et al. [22] tested three solar stills with
nanoparticles added into the basin with 0.1 wt% concentration. Three different nanoparticles were used namely, TiO, Au, and Ag. The
performance of the three stills as well as the conventional solar still was analyzed. It has been found that Ag-incorporated solar still has
shown better efficiency of 33.68% and exergy efficiency of 2.34% which are higher than the still with other nanoparticles. Shoeibi et al.
[23] used nanofluids to lessen the temperature of the condensation glass cover of thermoelectric solar still. Different types of nano-
fluids with a concentration of 0.9% of Al;03, CuO, TiO, or multiwalled carbon nanotube have given higher productivity than the
standalone still. Multiwalled carbon nanotubes showed the highest augmentation in the system performance compared with other
nanofluids. Lawrence et al. [24] used nickel oxide nanoparticles in a single-slope wick-type solar distiller and tested it under mete-
orological conditions of Coimbatore, India to assess the absorptivity of the wick material and the still productivity. It has been found
that the nighttime productivity has been increased and total productivity of 5.81 1/m2day was obtained. Saxena et al. [25] made a
thorough review of the thermodynamic behavior of solar stills. The review has identified the operational parameters with future
prospects and potential techniques for the enhancement of the performance of the stills. Ural et al. [26] tested a solar pump heating
system supported air heater and thermodynamically analyzed its performance. The analysis has reduced the electrical consumption by
8.3% for the compressor. Eisavi et al. [27] have carried out a thermodynamic and exergy-economic analysis of a desalination system
equipped with solar driven air compressor working with an organic rankine cycle. It was found that 79.9% of the total cost is utilized
for the exergy destruction with a factor of 20.1%.

Further, for arid climates, a greenhouse has been constructed to provide fresh water and suitable cooling conditions to plants
utilizing solar energy [28]. A parabolic trough solar collector was used as an energy source to operate an organic Rankine cycle. The
waste thermal energy from this cycle was used to operate the absorption cooling system. The whole system was thermodynamically
analyzed. The obtained results of the thermodynamical analysis indicated that the established system could provide 17.5-27.3 m®/day
of fresh water as well as suitable cooling conditions for accelerating plant growth inside the greenhouse. He et al. [29] carried out a
thermodynamic analysis of a steam electrolyzer driven by solar energy to produce hydrogen. The carried-out analysis indicated that
direct solar irradiance and solar rays incidence angle are the most effective parameters for the operation of the system rather than the
relative humidity. A sincere effort has been done to thermodynamically analyze the performance of a u-shaped basin solar still with
two slopes incorporated with ZnO/activated carbon nanoparticles using Gibbs free energy at the temperature components of the
system by Sangeetha et al. [30]. It was observed that an efficiency of 38.33% is achieved with an output of 14.921 1/m? day. Gibbs free
energy analysis has proven the improved thermal conductivity of silver balls in the basin of the solar still. Yu et al. [31] developed a
numerical simulation model for the thermodynamic behavior of a solar air evaporating system incorporated with a thermal collector
and evaporation unit. It was found that the system had an efficiency of 83.0%. Tully et al. [32] used an internal side wall reflector,
hollow circular fin, phase change material, and nanoparticle mixed phase change material in a double slope solar distiller and tested it
for both active and passive modes. Thermodynamic analysis along with exergy, energy, exergy-economic, environmental, and sus-
tainability has been done and it was proved that nano-PCM saved 2% of the total cost per unit production of water. Okati et al. [33]
designed, established, and tested a direct contact membrane distillation unit. Energy, exergy, economic and environmental analysis
has been done and inferred that exergy efficiency improved by 48.34% with 15000 m?/day desalination unit.

Alsaiari et al. [34] tested a solar distiller that had a titanium oxide/jackfruit peel paint mixture in varying ratios (0.1%, 0.2%, and
0.3%). Steel balls of silver color loaded with hybrid nanofluids were introduced into the solar still basin to improve the heat trans-
mission process. The obtained water yield reached a high value of 8.7919 1/m?day.
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Fig. 1. aPhotograph of the PSBSS.
Fig. 1(b to e): Schematic diagram in 2D view of the PSBSS.
Fig. 1f: Schematic diagram of the PSBSS.
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Dhivagar et al. [35] carried out a thermodynamic analysis of both conventional distiller and biomass evaporator-assisted solar
distiller containing crushed gravel. The study revealed that the biomass evaporator-assisted solar distiller containing crushed gravel
has obtained energy destruction of 12% and 22% for basin and saline water with an entropy of 60.7% higher than conventional solar
distiller. Wang et al. [36] carried out experiments on thermal systems composed of thermal and photovoltaic energy and developed a
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thermodynamic model to assess the thermal behavior of the system. The analysis has shown the negative role of solar radiation in-
tensity on power production by photovoltaic modules. Prasanna et al. [37] have used various basin materials in the basin of a solar
distiller incorporated with an air cavity and undergone exergy, energy, and economic analysis to determine the payback period of the
distiller as well as the cost per liter of drinking water. It was found that the payback period was found to be 10 min and Rs. 0.723 per
liter. Sharshir et al. [38] constructed a hemispherical solar still with a V-corrugated basin to hold wick material and a thermo-economic
analysis of the system was done. The analysis revealed that the total heat transfer coefficient increased by 55% with thermal and exergy
efficiency of 39.75% and 44.04%.

The drawbacks of distillers are their small output yield (around 3 1/day) and low efficiency (about 30%). So, various kinds of solar
stills were proposed in an attempt to avoid the drawbacks of conventional stills (CSS). As a result, different designs were reported in the
literature such as dish solar distillers [39], double-effect stills [40], and triangular solar still [41]. Lawrenece et al. [42] carried out a
simulation study to assess the performance of a single slope solar still in four coastal locations in India, namely Chennai, Visakha-
patnam, Trivandrum, and Mumbai. Lawrence et al. [24] studied the effect of the introduction of nickel oxide nanoparticles in the single
slope wick type solar still and inferred that there is a significant enhancement of absorption of solar radiation for effective evaporation
inside the solar still. Shanmugasundaram and Janarthanan [43] have experimented with the honeycomb double-exposure solar still
and proposed a model for the thermal asymmetries taking place inside the solar still. Shahin Shoeibi et al. [44] developed a new design
of a hybrid solar desalination system integrated with an external condenser by using a wind ventilator and water cooling system after
that modification improved CO, mitigation 2.03 times. Overall system per day yield of the modified solar still was enhanced by 213%.
Followed Shahin Shoeibi et al. [13] have designed and fabricated a new evacuated tube heat pipe solar collector integrated with a solar
still incorporated with external condenser for the performance in terms of distillate yield. It has been found that the new still has
produced distillate output higher than the conventional solar still.

Ramasamy Dhivagar et al. [13] used black iron oxide magnetic power particles with the water in the basin of the modified solar
still. It has been found that the still with magnetic powder has produced a distillate yield that is 31.2% higher than the ordinary
conventional solar still.

Analysis of solar still using energy matrices which are incorporated with a cooling fan has been done by Shahin Shoeibi et al. [45].
Results of the study have shown that freshwater production, energy efficiency, and exergy efficiency increased by 79%, 11%, and 45%
respectively. Shahin Shoeibi et al. [46] have compared the CFD simulation model for double-slope solar still, hemispherical solar still,
and tubular solar still using nanofluid film cooling. The solar desalination with nanofluids film cooling had a higher yield by about
4.8% compared to other solar desalination systems (hemispherical solar still, and tubular solar still). All solar distillers used net CO5
mitigation of 14.08 tons (double-slope), 13.72 tons (hemispherical), and 13.44 tons (tubular). Further Shoeibi et al. [47] have made a
thorough review of the performance evaluation of solar desalination integrated with heat pipes.

In the present work, a pyramid solar still with a stepped basin has been designed, fabricated, and tested. The basin of the PSBSD has
been filled with saline water and activated carbon prepared from mango tree wood to increase the absorptivity of water in the basin.

Analytical solutions for the temperature components of the still based on the energy balance equations have been evaluated and
change in the internal energy has been attempted. Gibbs free energy equation has been proposed for the determination of the change in
energy between the evaporating and condensing phases at a steady state. The chemical potential is evaluated using the Gibbs free
energy in the steady state equilibrium and the variation in the chemical potential between the two phases has been tried to identify the
thermal behavior of the still. Moreover, the performance of the still has been explained precisely with the values of the chemical
potential. Further, the thermographic diagrams of the temperature components of the PSBSD to implement the Gibbs phase rule for the
identification of phase change during evaporation and condensation.

2. Solar distiller design

A square pyramid distiller was designed and established with a main body made of low-carbon steel. The basin depth was 0.12 m.
The distiller basin was covered with an inclined glass cover with transparency optical characteristics and a thickness of 0.004 m. This
cover is composed of four components forming a pyramid shape. The basin had a copper sheet metal which acted as an absorber plate.
The copper sheet was coated with black paint and had an absorbing area of 1 m?. All internal surfaces of the distiller side wall were also
coated with black paint to maximize the absorbed solar energy which is consequently converted into thermal energy. The distiller was
made of two plywood enclosures. There was a 0.05 m gap between the enclosures. This gap was filled with glass wool which acted as a
thermal insulator. This filler lessened the heat dissipated to the environment due to its low thermal conductivity (0.00037 W/mK). The
pyramid basin had four trays. The upper tray had an outer area of 4040 cm? with an effective evaporating area of 0.16 m2. The second
tray had an outer area of 6060 cm? with an effective evaporating area of 0.20 m2. The third tray had an outer area of 80*80 cm? with
an effective evaporating area of 0.28 m2. The lower tray had an outer area of 9090 cm? with an effective evaporating area of 0.17 m?.
The saline water was fed into the distiller using a piping system containing control valves with an elevation of 0.05 m from the distiller
base. Fig. 1a shows the photograph of the PSBSD.

Four basin trays with unequal evaporation areas were established inside the distiller trough to divide the basin thermal capacity
into smaller portions so that the temperature of the water in the basins could be increased as faster as possible. The total thermal
capacity of the water in the basin is divided into four basins to fasten the evaporation rate. That is, in each basin, the water heater
capacity is small and therefore the radiation is absorbed and rapidly increases the temperature of the water in the basin. It is repre-
sented in Fig. 1b—e respectively. 1f shows the schematic representation of the 2D view of the PSBSD. Eight thermocouples were utilized
to record the temperature inside the distiller. Four of them were inserted into the saline water of the four trays to record the water in
the trays. The others have been attached to the trays to record. The trays’ temperature. In addition, four thermocouples were attached
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to the outer surfaces of the glass covers to record their temperatures. The distiller trays were filled with 28 L of saline water and divided
into four bulks in each tray. The distillate water was collected using four collection channels connected to an external measuring
container.
3. Results and discussion

There is a convection, radiation, and evaporative heat transfer from the water in the basins towards the condensation glass cover,
water in the four trays absorbs solar energy and the water may be converted into vapors. The solar radiation transmitted through the
condensing glass cover reached the water surface of the four basins and the water in the basin absorbs solar radiation followed by the
conversion of water into vapors. Since evaporation depends on the intensity of solar radiation, it is considered the influential
parameter for evaporation to take place. Moreover, the internal heat transfer of convective, radiative, and evaporative heat transfer
occurs inside the solar still and is accompanied by mass transfer. There is a phase change from liquid to gas and again condensed into
pure water which is a liquid phase again. This obeys the Gibbs phase rule and it is indispensable to finding the chemical potential. As
the first step, the energy balance equations for the temperature components of the PSBSD can be written for the analytical solution.

For PSBSDGlass coverl

gl et + i (Tt = Tpg1 ) At = hga (Tpgr — Ta) Aper [@))
For PSBSD glass cover 2

&elAper + 12 (T2 — Tpga ) Avz = hga (Tpeo — To) Apga (@)
For PSBSD glass cover 3

XelApes + 13 (T3 — Tpe3 ) Aus = hga (Tpgs — Ta) Apes 3)
For PSBSD glass cover 4

g lApgs + 1y (Tos — Tpga) Avs = ga (Tpgs — Ta) Apgs @
For Evaporating water in basin 1

dT,,
dt

x,IA,; =M,,C, +hy (Twl - Tpgl)Awl + hy(Tor — To)Awm 5)

For Evaporating water in basin 2

dT,,
dt

x,IA,, =M, C, + hy (Twz - Tng)AWZ + hy(Twa — T))Awn (6)

For Evaporating water in basin 3

dT,,
0l =My Cu— ™+ Iy (Tus = Tyes ) Aus + (T3 = T)Aus @)

For Evaporating water in basin 4

dT,,
0l =My Cu + 4 (Tus = Tpea) Ava + I (Ts = T)Ava ®
These energy balance equations can be solved for the analytical solution for the water temperature in the four trays and four sides

PSBSD glass cover. It has been found that the thermal capacity of the water in the trays has been divided into four trays and four PSBSD
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Fig. 4. Shows the immediate distillate yield and efficiency realized for the PSBSS.

glass cover has a similar temperature. Therefore, the average of four PSBSD glass cover temperatures and water temperatures in the
basin has been considered and used for the evaluation of distillate yield and efficiency. The significant operational parameter is the
intensity of solar radiation which influences the evaporative heat transfer from the evaporating surface to the condensing glass cover
surface.

From the analytical solution of the temperature components of the distiller, theoretical values have been evaluated and compared
with the obtained experimental observations. Fig. 2 represents the variation of air temperature and solar radiation with respect to time
for one of the typical days in May 2022. From the Figure, it is observed that it is a clear sunny day in which the maximum solar ra-
diation of 987 W/m? is reached at 13.30 h with an ambient temperature of 36 °C. It is seen that; the intensity of solar radiation
gradually increases during morning hours and decreases during evening hours. The intermittent nature of solar radiation is supplying
the thermal energy required for the PSBSD to give optimum output. Fig. 3 represents the theoretical and experimental values of the
temperature components of the distiller. From the figure, it is observed that there exists a cluster of variation with the correlated
temperature such as the average PSBSD glass cover temperature and the average temperature of the basin. The internal heat transfer of
convective and radioactive heat transfer is accompanied by the most important evaporative heat transfer which is responsible for the
mass transfer from the evaporating surface to the condensing glass cover surface. There is a correlation between the glass covert
temperature and the temperature of the trays which in turn is influenced by the intensity of solar radiation. The correlation between
the two phases has a conjoint trend due to the equal amount of evaporation and condensation that exist between the phases.

Fig. 4 shows the distillate yield and efficiency obtained for the PSBSD. It is observed that the total distillate yield of 3.380 kg/m?
during daytime and nighttime output of 0.900 kg/m? with a total of 4.280 kg/m2day. The daily average efficiency of 38.13% is ob-
tained for the PSBSDwhich is higher than the conventional pyramid solar distiller. This is due to the fact that the larger thermal ca-
pacity of the single basin is divided among the four basins and faster evaporation takes place in all the basins to give maximum output.
The polynomial equations have been derived for the amount of distillate water and efficiency which can be utilized for futuristic
prediction for any day of the year with minimum error.

The polynomial equations and R? values are.

For distillate yield

y= —0.0091x% + 0.2345x - 1.2606
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R? = 0.9548

For efficiency
y = —2.2662x% + 56.757x - 300.23
R? = 0.9614

The R? value for both the distillate yield and efficiency is near to 1 which clearly reflects the best fit of the trend line.

3.1. Thermodynamical analysis

Following, thermodynamical analysis is carried out by considering the phase transition of liquid into vapor and again into a liquid
phase which clearly represents the phase change and can implement the Gibbs phase rule. Fig. 5 represents the diffusive phase
equilibrium between evaporation and condensation during the distillation process. It is clear that the saline water in the four basins of
PSBSD is treated as one system and the four pyramid condensing glass cover is treated as the second system. Since there is a tem-
perature difference between the two systems, there will be a net energy flow between the two systems. If diffusive equilibrium is not
obtained, then there will be no net energy flow between the evaporating and condensing glass cover surface. There is a diffusive
equilibrium between the two systems, such that Helmholtz free energy is given by

H =Hu + Hp )

If diffusive equilibrium does not exist, then the net energy flow between the evaporating and condensing glass cover surface will not
be pronounced and the evaporation rate does not take place inside the solar still and it is found that the total number of particles in the
two systems is constant and is given by

N =Na + Ng (10)

Where N is the total number of particles in the two systems A and B.
The Helmholtz free energy will become minimum when the rate of evaporation increases and the mass transformation of saline
water into pure water by condensation which means the production of pure water is maximum. With this condition, it is possible that
OH OH, OHjy
ek e Y 11
aN "N, " aN, an
Eq. (11) is true for the microcanonical ensembles which are U, V and N. U is equal to that of the Helmholtz free energy and therefore
it is clear to determine the chemical potential with respect to the ensembles and is written as

o0H

p=t (12)

Therefore, it is the Helmholtz free energy per unit particle of the system with different phases. It is also possible to determine the
chemical potential in terms of Gibbs free energy which is defined as Gibbs free energy per particle of the two phases of the system and is
written as

0G
e 1
H=on (13)
Following the differential for Helmholtz free energy is written
dH = — SdT — pdV — udN (14)
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If pa and pp are the Gibbs free energy per particle for the two phases, then the diffusive equilibrium between the two phases will be
equal and therefor

A = MB (15)

Since the particles cannot be divided, the chemical potential can be stated as the finite difference between the Gibbs free energy per
particle between the two phases in diffusive contact. Obtaining Gibbs free energy is quite simple and using the free energy, it is possible
to find the chemical potential which is the change in free energy of the phases in the system. Therefore, it can be written as

H=Hy — Hg (16)

Fig. 6 and Fig. 7 represent the chemical potentials at water and glass cover temperatures throughout the working hours of the
PSBSD. It has been found the internal energy of the system increases as the chemical potential increases which in turn increases the rate
of evaporation. When the internal energy of the evaporating system increases, the phase changes from a liquid into a vapor phase
which in turn increases the chemical potential of the condensing glass cover. Moreover, the chemical potential between the two phases
can be easily obtained by finding the change in Gibbs free energy between them.

The vapor phase again changes into a liquid phase with the release of latent heat of condensation into the glass cover. It is also seen
that the number of particles in the liquid phase is equal to the number of particles in the vapor phase which shows an equilibrium
between the two phases. It is due to the fact that the latent heat of vaporization of water vapor is released to the condensing glass cover
when it condenses into pure distilled water on the underlying side of the glass condensing glass cover. The difference in chemical
potential between the two phases is influenced by the intensity of solar radiation and it is found that the average difference in chemical
potential between systems A and B is 0.040 J/kg. The difference in chemical potential between the two phases is small due to the
release of latent heat of vaporization of water vapor while condensing into distilled water on the underlying side of the condensing
glass cover. The implementation of chemical potential establishes a relation between the different phases of the diffusive equilibrium
which are glass cover temperature, water temperature, distillate yield, instantaneous efficiency, and intensity of solar radiation. The
steady state occurs when the number of particles in the liquid phase at a particular instant is equal to the number of particles in the
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gaseous phase. The temperature components and the climatic parameters are correlated and influence the output of distillate yield and
efficiency.

A simulation study of the proposed system is going on and the comparisons will be done in the forthcoming work on the solar
energy application device as the attempt is the first time to evaluate the chemical potential. As the chemical potential between the two
phases has a conjoint trend, it is clear that the rate of evaporation is proportional to the condensation which clearly reflected from the
results that the difference in potential is minimum. The relationship between the influential parameter has been inferred with precise
results as the theoretical and experimental results for the temperature components of the solar still have not shown much error. As the
difference between the chemical potential of the evaporating and condensing phases is small, the results have confirmed the accuracy
of the proposed method. For our future work, we recommend applying the proposed methodology along with machine learning ap-
proaches [48-50] to model other desalination systems.

4. Conclusion

Based on the obtained results, the following conclusions could be drawn as follows:

(i) The implementation of chemical potential reflects the significance of the thermodynamic analysis of the PSBSD.
(i) The average chemical potential difference between the condensing and evaporating surface temperature is found to be 0.040 J/
kg.
(iii) The difference in chemical potential between the two phases throughout the working hours of the day with 30-min interval do
not exceed 0.060 J/kg which clearly shows the saturation mode of operation of the PSBSD.
(iv) Gibbs phase rule between the diffusive phase establishes the correlation between the two systems.
(v) The daily average efficiency of 38.135% with a yield of 4.280 I/m?day was obtained for the PSBSDwhich is found to be higher
than the ordinary basin solar distiller.
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Nomenclature

g Absorptivity of condensing pyramid glass cover

Xy Absorptivity of water in the basin

I Solar radiation at condensing glass cover surface (W/m?)

Apg1 Area of the condensing glass cover 1 (m?)

h; Total heat transfer coefficient from water basins to glass cover 1 (W/mK)
Tyw1 Temperature of water in the basin 1 (K)

Tpg1 Temperature of pyramid glass cover 1 (K)

Ayt Area of the basin 1 (m?)

hga Total heat transfer coefficient from glass cover 1 to ambient (W/mK)

T, Temperature of the ambient (K)

Apg2 Area of the condensing glass cover 2 (m?)

hy Total heat transfer coefficient from water basins to glass cover 2 (W/mK)
T2 Temperature of water in the basin 2 (K)

Tpe2 Temperature of pyramid glass cover 2 (K)

Ayz Area of the basin 2 (m?)

Apgs Area of the condensing glass cover 3 (m?)

hs Total heat transfer coefficient from water basins to glass cover 3 (W/mK)
T3 Temperature of water in the basin 3 (K)
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Tpe3 Temperature of pyramid glass cover 3 (K)
Ays Area of the basin 3 (m?)
Apgs Area of the condensing glass cover 4 (m?)
hy Total heat transfer coefficient from water basins to glass cover 4 (W/mK)
Tywa Temperature of water in the basin 4 (K)
Tpes Temperature of pyramid glass cover 4 (K)
Ayg Area of the basin 4 (m?)
M, Mass of water in four basins (kg)
Cyw Specific heat capacity of water (J/kgK)
hy Total heat transfer coefficient from base of the basin to ambient (W/mK)
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