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ABSTRACT

This paper compares the efficiency and thermal performance of regular pyramid solar stills to those
modified with silica or aluminum oxide nanoparticles. The amount of exergy lost by the pyramid
solar still's various parts has been estimated, studied, and discussed. The exergy of evaporation
is greater at the improved solar stills, and evaporation occurs at a faster rate. Also, compared to
regular stills, the upgraded ones have higher energy and exergy efficiency. The impact of varying
factors on the performance of solar stills is briefly discussed as well. Maximum energy efficiency
for mixes of aluminum oxide and water is 55.29% and for mixtures of silica oxide and water is
41.38%, whereas for the typical still it is just 35.68%. In addition, conventional stills, stills based
on silica oxide nanoparticles, and aluminum oxide all had exergy efficiencies of 11.48% or lower

throughout the day.

Keywords: Pyramid solar still; Exergy; Nanoparticles; Energy efficiency; Productivity; Desalination

1. Introduction

As a result of rising population levels and increased lev-
els of water pollution, there is currently a severe shortage of
clean water across the world. This has been a driving force
behind the development of a variety of technologies for the
desalination of brackish water and seawater to keep up with
the rising demand for freshwater. The use of solar energy to
power the desalination process in arid regions that have an
abundance of solar resources has been suggested as one of
the best possible solutions [1]. Due to the ease with which
they can be assembled and put into operation; solar stills
have become the solar desalination technology that is most
used in remote areas. Conventional solar stills are com-
prised mostly of a water basin and a transparent cover, both
of which are simple components that may be simply built
using materials that are easily accessible in the area [2].

Several different cover configurations for solar stills
have been suggested to improve the productivity of solar

stills, the most prevalent of which are single-slope [3], dou-
ble-slope [4], tubular [5], and triangular [6] coverings. The
poor productivity of solar stills continues to be the primary
obstacle in the widespread use of these devices, despite the
many improvements that have been made to the geome-
try of these devices. As a result, more sophisticated solar
stills, such as those with exterior reflectors [7] and multi-
stage systems [8] amongst others, are now being developed
to maximize the production of freshwater.

The heat transfer mechanism and operating temperature
are the two most influential factors on the yield of a solar
still. By improving the thermal characteristics of the base
water, the coefficient of heat transmission can be increased.
Suspending nanoparticles in the base fluid is a simple
technique that improves the thermal property and, conse-
quently, productivity. The formation of nanofluid involves
suspending nanoparticles in a base fluid.

Solar still technology that employs nanoparticles has
the ability to enhance the thermal properties of basin
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water. This is owing to the fact that nanoparticles have
different properties from the basic liquid, such as high
solar absorption and superior thermal conductivity [9,10].
Consequently, it will contribute to an enhancement in the
thermal system’s performance. When nanoparticles are com-
bined with a base fluid, there are two basic techniques for
enhancing heat transmission:

e To enhance the nanoparticle concentration in the base
fluid, which will ultimately result in a faster rate of
heat transfer.

® The collisions between nanoparticles and the molecules
of the base fluid occur first, while the collisions of the
particles with the solar still are wall result in a rise in
energy.

Eastman et al. [11] measured the thermal conductiv-
ity of water containing 5% copper oxide nanoparticles. The
authors discovered that water’s thermal conductivity was
60% greater than that of pure water. Similarly, the thermal
conductivity of water containing 5% aluminum nanoparti-
cles was 40% greater than that of pure water.

Experiments conducted by Xie et al. [12] to measure the
thermal conductivity of nanofluids containing aluminum
nanoparticles ranging in size from 12.2 to 304 nm reveal
an inverse relationship between thermal conductivity and
particle size, except for the biggest particles.

In a comprehensive investigation conducted by
Abdelgaied et al. [13] the performance of a hemispheric solar
still (HSS) was examined under various modification scenar-
ios, including the use of CuO nanofluid (CuO-NF), phase
change material (PCM), and a combination of both CuO-NF
and PCM. The findings revealed noteworthy distinctions
in performance among these modifications. Specifically,
the HSS enhanced with CuO-NF demonstrated superior
performance compared to the HSS employing PCM alone.
However, the most remarkable outcomes were observed
in the HSS where both CuO-NF and PCM were combined.
In this configuration, the yield and efficiency of the HSS
were notably improved, achieving values of 8.65 L/m? and
63.61%, respectively. Notably, this innovative combination
of CuO-NF and PCM also led to a substantial reduction in
cost, amounting to merely 0.00654 $/L, thereby signifying a
remarkable 75% cost reduction when juxtaposed with con-
ventional HSS configurations. These findings underscore
the considerable potential of CuO-NF and PCM integration
in enhancing the performance and cost-efficiency of hemi-
spheric solar stills, holding significant implications for sus-
tainable desalination technologies.

Moreover, in a scholarly endeavor Attia et al. [14] con-
ducted an extensive thermo-economic investigation was
undertaken to evaluate diverse hemispheric solar still (HSS)
designs from the perspectives of energy, exergy, and cost
considerations. The study encompassed the utilization of
various materials in these designs, leading to notable and
acceptable enhancements in performance. Specifically, the
use of rubber material yielded improvements ranging from
14.29% to 46.94%, while the incorporation of a wick mate-
rial resulted in enhancements between 12.24% and 40.81%.
It is important to highlight that these improvements were

achieved while maintaining the production rate of the
distillation process unaltered. This study serves as a sig-
nificant contribution to the field of HSS design and per-
formance optimization, shedding light on the potential
for substantial efficiency gains through material selection
and design considerations.

Additionally, Sharshir et al. [15] conducted a detailed
assessment of hemispherical solar still (HSS) performance
with various modifications, comparing it to a standard HSS
configuration. Four distinct cases of enhancement were
explored, including alterations involving phase change mate-
rials (PCM) and nanofluids. The results revealed substantial
performance improvements when using sheep fat as a PCM,
with impressive enhancements in daily yield, thermal effi-
ciency, and exergy efficiency. Additionally, the introduction
of graphite nanofluid further boosted these indicators. The
replacement of conventional PCM with nano-based PCM,
combined with other modifications, led to nearly 100%
improvements in all performance metrics. Notably, these
enhancements occurred despite the introduction of addi-
tional material costs. Furthermore, the HSS system contrib-
uted to carbon mitigation through reduced CO, emissions,
earning a carbon credit. Overall, this study demonstrated
the potential for enhancing HSS efficiency and economic
viability through material and configuration modifications.

The objective of the current study is to examine the effects
of nanoparticles on the energy efficiency, exergy efficiency,
and exergy destruction of pyramid solar still components
(basin, glazier, and water) with and without nanoparticles.
The exergy of evaporation and productivity of a modified
solar still (with silica SiO, or aluminum oxide AL O, nanopar-
ticles) vs. a conventional one is explored. Using nanoparti-
cles to increase the diurnal exergy efficiencies of the solar
still components, that is, the basin liner, the glazier cover,
and the saline water, is also described.

2. Experimental setup and devices

The present study focuses on the investigation of the
design, fabrication, and construction of a pyramid solar
still, with particular attention given to its performance in
generating distilled water. Thermocouples are employed
to measure the temperatures of the basin water, glass, and
vapor, while hourly solar radiation and ambient temperature
data are obtained from the PV project at Jordan University
of Science and Technology.

A glass cover, an interior galvanized iron sheet, insu-
lation, and an external galvanized iron sheet compose the
pyramid solar still. The glass cover is 6 mm thick, and
each glass plate has a width of 60 cm, a height of 25 cm,
and a sloping angle of 30°. Internal galvanized iron sheets
with a thickness of 1.25 mm were welded together to form
a closed box with a base area (absorber area) of 0.36 m?
(0.6 m x 0.6 m) and a height of 25 cm. In addition, exter-
nal galvanized iron sheets with a thickness of 0.9 mm were
bonded together to produce an outer surface with a base
area of 0.49 m? (0.7 m x 0.7 m), a height of 30 and 5 cm of
polystyrene insulation in between.

The solar pyramid still deployed in the experiment is
depicted in Fig. 1.
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Fig. 1. 3D model for pyramid solar still.

3. Exergy balance equations

Exergy is dissipated or lost (Ex,) due to the irrevers-
ibility of the process or its components (Ex). The exergy
balance for a system or its constituents can be derived by
integrating the principles of energy conservation and the
non-conservation of exergy.

Fig. 2 depicts the exergy flow schematic of the passive
solar still. Assuming that the heat capacity of the basin-liner,
glass cover, and insulating materials is insignificant, the
exergy balancing equations of the three main components
of the solar still are shown here, excluding exergy accumu-
lation in the components.

3.1. Basin-liner

The passive solar basin-liner still absorbs the portion of
solar exergy (Ex_ ) reaching it. A portion of this, that is, the
useable exergy (Ex_ ), is used to heat the salt water, while
some are lost through insulation (Ex, ) and the remainder
is lost (Ex,,) [16].

Ex,, = (tg‘twab)Exm - (Exw + Exmsu) @)
where 1, 1 , and o, are the transmittance of the glass cover,
the transmittance of the saline water, and the absorptivity
of the basin-liner, respectively.

Exergy of the solar radiation on the solar still per unit

area, Ex_ (in W/m?), is given as:
11 4T
Ex,, =G |1+2| = | —=| = @
un 3 '1"5 3 ’1‘;
T
Ex =h (T -T )| 1--= 3
Xw w( b w)( T;}j ( )

where £ is the convective heat transfer coefficient between
basin-liner and saline water (W/m*K).

Ex t} w_a Ex sun
agEx i
= Ex 4 glass
Ex tw_g

(a): Exergy balance on the glass.

rEx d’ water

(tgag)Ex sun EX tw_g

51

Water
(b): Exergy balance on the water.

(Tgrwab)Ex sun Exw

Ex

Exd’ basin

Absorber plate

Exd_ atmosphere

(c): Exergy balance on the basin.

Fig. 2. Illustrates exergy transfers within a horizontal, single-ef-
fect, basin-type passive solar still. (a) Depicts the exergy bal-
ance on the glass cover. (b) Shows the exergy balance of the
body of water. (c) Represents the exergy equilibrium on the
basin lining.

L
Exinsu :hb (’I;v _T:z)[l_?] (4)

b

where h, is the overall heat transfer coefficient between
basin-liner and atmosphere (W/m*K).
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3.2. Saline water

The exergy input to the bulk of salt water in the basin
can be expressed as the sum of two components: the propor-
tion of incoming solar exergy absorbed by water, denoted
as (ra,) Ex,, and the usable exergy derived from the
basm—lmer denoted as Ex . A fraction of the total energy
is allocated to the exergy “associated with the heat trans-
fer occurring between the surface of the salt water and
the glass cover present in the solar still, denoted as Ex, .
The remaining energy is dissipated and considered as lost
referred to as Ex, .

Ex, = (‘tgotw ) Ex

d,w

sun + Exw - Ext,wfg (5)
where o is the absorptivity of saline water and Ex,  is

w=g
the exergy associated with the heat transfer through evap-
oration (Ex, H), radiation (Ex__ ) and convection (Ex_, &)
between the saline water surface and the glass cover
inside the solar still and is calculated:

Ex, .=Ex, +Ex —Ex 6)
W8 e,w-g r,w—-g c,w—-g

T
Exe,w—g = he/w—g (T‘uv - Tgl)(l - TJ (7)
where & is the evaporative heat transfer coefficient

ew-g

between saline water and glass cover (W/m2K).

EX,, =, (Tw - Tgi)[l - ;] 8)

w

where 1 is the convective heat transfer coefficient
between saline water and glass cover (W/m?*K).

4
(1) 4T,
Exr,w—g = hr/w—g (Tw T )[1 3[Tw J - 3[TJ] (9)

w

where h  is the radiative heat transfer coefficient
between saline water and glass cover (W/m?*K).

3.3. Glass cover

EXd,q:(lqEX + Ex —Ex

sun tw-g t,g-a (10)

The symbol o, represents the absorptivity of the glass
cover, while Ex,  denotes the exergy loss resulting from
heat losses from the glass cover to the environment due to
radiation (Ex ) and convection (Ex_ ). This expression
can be expressed as:

c,8—a

(11)

(12)

4
+7 —_—
3T, ) 3T,

where &, o is the radiative heat transfer coefficient between
glass cover and atmosphere (W/m?*K).

T

g0

(13)

where h ., is the convective heat transfer coefficient
between gﬁass cover and atmosphere (W/m*K).

4. Energy and exergy efficiency of solar still

The evaluation of solar still performance often relies
on energy efficiency, which is widely regarded as a crucial
criterion [17].

The total efficiency is found by adding up the hourly
yield times the latent heat of evaporation split by the
average daily sunshine on the whole surface of the device.

Zm ><h

ZI( )x A, ><36OO (49

In the previous work [17], researchers gave the balance
equations of exergy for the three main parts of the solar
still: the basin liner, the salt water, and the glazier cover.
Assuming that the heat capacity of the materials used to
make the parts is small, the buildup of exergy could be
ignored. Exergy analysis, which is based on the second rule
of thermodynamics, shows how good the energy is. The
exergy analysis is a strong way to find out what is wrong
with a system, where it is wrong, and how bad it is. It also
gives a precise way to measure how close the SS is to the
ideal. The exergy efficiency of a solar still is the measure of
the energy that comes out of the water that has been distilled
to the energy that comes in from the sun.

_ Exergy output of solar still EXevap

EX - = (15)
Exergy input of solar still  Ex,

input

In a solar still, energy is made when salty water evapo-
rates and then condenses back into a liquid. In real life, some
of the water that evaporates and condenses on the cover
drips back into the basin. Because of this, the amount of
exergy measured from the experimental results would be less
than the amount predicted by theory. A solar still's hourly
exergy output can be written as [17]:

Ex = Ex %x 1-L (16)
output evap (36005h ) Tw

where m_, is the hourly yield of solar still (kg/h), h, is the
latent heat (J/kg), T is the surrounding air temperature (°C),
and T is the basin water temperature (°C).

The exergy input to solar through radiation x sun
E can be expressed in terms of insolation [17]:

4
Ex, =A xI(t) {1+1[Tﬂj —4(2]]
s\7 3l ) 3lT

17)
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where A_is the area of the basin in (m?), I(t), is the insola-
tion on the inclined glazier surface of the solar still (W/m?)
and T, is the sun temperature (6,000 K).

5. Results and discussion
5.1. Material used in experiment

In this study, a tripartite experimental investigation
was conducted. The initial phase involved the utilization of
silica oxide nanoparticles (SiO,) in conjunction with water
(nanofluid) within the solar still. The subsequent phase
replicated the methodology of the first group but substi-
tuted silica oxide nanoparticles (5iO,) with aluminum oxide
nanoparticles (Al,O,). It is noteworthy that the water depth
inside the still remained constant at 2.7 cm throughout
these experiments. Finally, the third phase was executed
without the introduction of any nanoparticles. Detailed
specifications for the silica and aluminum oxide nanoparti-
cles can be found in Table 1.

5.2. Solar radiation and temperatures

Experiments were conducted on days characterized
by clear skies and closely matched solar radiation levels,
aimed at providing a comprehensive comprehension of solar
still performance across a spectrum of water depths, rang-
ing from 2.7 cm. The diurnal variations in solar radiation,
ambient temperature, glass temperature, and water basin
temperature for the three distinct scenarios are graphically
depicted in Figs. 3-5. Throughout the course of the day, solar
radiation and all temperature metrics exhibited an ascending
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Fig. 3. Daily variations of temperature and solar intensity of the
still without nano.

Table 1
Specifications of silica and aluminum oxides nanoparticles
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trend, reaching their zenith at 14:00 p.m. Subsequently,
a reversal in this trend was observed, with a gradual
decline in values occurring until sunset.

For the solar still configuration devoid of nanoparticles,
the maximum recorded temperatures were 67.8°C, 52.9°C,
and 31.58°C at 14:00 p.m. for the water basin, glass sur-
face, and ambient environment, respectively. Concurrently,
the solar radiation value reached 985.7 W/m? during this
time period.

5.3. Energy efficiency

Fig. 6 shows the energy efficiency of the pyramid solar
still with time for the three considered cases calculated
using Eq. (14). Energy efficiency strictly depends on water

150 1200
Sio2
130 1000 o
£
v 110

o s00 =
[ .
2 90 £
® 500 &
g 70 =
a b
E a00 &
g so M <
) o
30 I . 200 9

8:00 9:00 10:00 11:00 12:00 1:00 2:00 3:00 4:00 5:00 6:00
AM AM AM AM PM PM PM PM PM PM  PM

Time, hr

e W ter Temp = (Gla5s TEMpP Solar

Radiation

Ambinet Temp
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Material Chemical Specific heat Density Thermal conductivity Average particle
symbol (J/kg'K) (kg/m?®) (W/m-K) size (nm)

Aluminum oxide ALO, 773 3,900 46 10-14

Silica oxide SiO, 800 2,530 1.4 10-14
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productivity and solar radiation. As the basin’s water tem-
perature reduces, the evaporation rate declines, and there-
fore the energy efficiency decreases. The increase in energy
efficiency with silica oxide nanoparticles SiO, is about
8.56% and about 11.78% with AlLO, nanoparticles, com-
pared to the still without nanoparticles.

5.4. Input, output exergy rates, and exergy efficiency

Based on Egs. (16) and (17), the hourly input and out-
put exergy rates are depicted in Fig. 7. It is depicted that the
output exergy rates increase when solar radiation increases.
the output exergy rates for solar still with AL,O, and SiO,
increase away from the output exergy rate obtained at solar
still without nanoparticles of water. The output exergy
increased by about 5.2% and 14.5%, respectively, compared
to the solar still without nanoparticles during the day.

Fig. 8 presents the temporal evolution of exergy effi-
ciencies across the three examined scenarios. Broadly, a
discernible pattern emerges in which the exergy efficiency
exhibits a progressive increase commencing from 10:00 a.m.
and culminating at its zenith around 2:00 p.m. The high-
est recorded exergy efficiencies among the three cases are
approximately 20.73% for aluminum oxide nanoparticles
(ALO,), 19.6% for silica oxide nanoparticles (SiO,), and 18.1%
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to time.

for the configuration devoid of nanoparticles. However,
by approximately 3:00 p.m., a reversal in the exergy effi-
ciency trends becomes evident.

Notably, the solar still devoid of nanoparticles consis-
tently registers higher exergy efficiencies than the nanopar-
ticle-enhanced counterparts. This intriguing observation
can be attributed to the intrinsic energy storage capacity
of the water residing within the basin, which promotes an
escalated rate of evaporation and consequently augments
exergy production. This phenomenon underscores the
intricate interplay between nanoparticle additives, water
depth, and the overall exergy efficiency performance in the
solar still system.

5.5. Accumulative freshwater produced and exergy destruction

The comparison between the accumulative amounts
of freshwater produced by the pyramid solar still with
and without using any nanoparticles is shown in Fig. 9.
As time progresses, water production from the solar still
without nanoparticles increases until they achieve the
maximum values (178 mL) at 2:00 PM. Then, the behav-
ior is reversed, and they gradually decrease until sunset.

25
20
15

10

exergy efficiency, %

800 900 1000 11:00 12:00 1:00 2:00 3:00 400 500 6:00
AM AM AM AM P PM PM PM PM PM M
Time, hr
== without-Nano

=g {Silica Oxide  =—e=Aluminum Oxide

Fig. 8. Hourly input and output exergy rates with respect

to time.

ES

w
v

w

il
wn

~

i

=}
wn

=]

8:00 9:00 10:00 11:00 12:00 1:00 2:00 3:00 4:00 5:00 6:00
AM AM AM AM PM PM PM PM PM PM PM

Accumulated Productivity, L/m?-day

Time, hr

=@=—\iithout-Nano  ==@=Silica Oxide === Aluminum Oxide

Fig. 9. Accumulated water productivity with respect to time
from the three considered cases of the still.



M.Y. Al-Abed Allah | Desalination and Water Treatment 316 (2023) 363-370 369

Exergy Destruction, W

500

. W [] I

without nano 5i0- Al:0s

W glass cover basin-linear saline water

Fig. 10. Exergy destruction in the basin liner, the glass cover,
and the saline water.

As a result, the accumulated productivity is found to be
3.14 L/m*d. Adding nanoparticles to the water caused an
increase in hourly water productivity of up to 20.26%
when using silica oxide SiO, (from 8:00 AM to 2:00 PM)
and an increase of up to 5.5% (from 3:00 PM to 6:00 PM).
While adding aluminum oxide nanoparticles Al,O, caused
an increase in hourly water productivity by up to 26.3%,
(from 8:00 AM to 2:00 PM) and an increase of 14% (from
3:00 PM to 6:00 PM). For SiO, and ALO, the accumu-
lated productivity is found to be 3.31 and 3.56 L/m?-d.

Through exergy analysis, the amount and location of
exergy loss can be determined. Consequently, exergy effi-
ciency would be improved by implementing applicable
measures and decreasing exergy waste. The rate of instan-
taneous exergy destruction was determined for various
components of the pyramid solar still, including the basin
liner, saline water, and glazing cover, with and without
nanoparticles.

Fig. 10 depicts the variation of exergy destruction in
basin liners depending on hourly intervals. Maximum
daily exergy destruction of 1,731 W in basin liner without
nanoparticle addition. In addition, as depicted in the figure,
the exergy destruction of the basin liner of the pyramid solar
still with aluminum oxide nanoparticles AL O, was slightly
greater than that of the conventional still due to the lowest
temperature difference between the basin liner and water
(T-T,) in the modified pyramid solar still as compared
to the conventional.

Exergy destruction in the basin liner varied hourly,
as illustrated in Fig. 10. The basin liner achieved the high-
est daily exergy destruction (1,731 W) without the use of
nanoparticles. Furthermore, the lowest temperature dif-
ference between the basin liner and the water (T,-T)) in
the modified pyramid solar still was a little bit larger than
that of conventional still, as shown in that figure.

Fig. 10 displays that the lowest exergy destruction was
achieved in the salt water. An increase in the temperature
difference between the surface of the salty water and the
inside surface of the glass was found to reduce the exergy
destruction in the saline water (T -T,). Since the tempera-
ture difference between the saline water with nanopar-
ticles and the still without nanoparticles was greater in
the former scenario, the exergy degradation of the former

was less. Therefore, the modified pyramid solar still had
a higher evaporation rate than the conventional still.

6. Conclusion

In conclusion, this research conducted an extensive
assessment of the pyramid solar stills, both in their con-
ventional form and when modified with aluminum oxide
and silica oxide nanoparticles. The main findings of this
study indicate:

* Introduction of nanoparticles enhances the energy effi-
ciency and energy output of the pyramid solar stills.

* The basin component is identified as the primary source
of exergy destruction, emphasizing the importance of
selecting appropriate materials for insulation and the
basin liner to reduce exergy losses.

¢ The application of aluminum oxide and silica oxide
nanoparticles results in significantly higher energy and
exergy efficiencies in the modified solar stills.

* Maximum energy efficiency was observed for mixtures
containing nanoparticles, notably 55.29% for aluminum
oxide and 41.38% for silica oxide, whereas conven-
tional stills achieved only 35.68%.

* The study highlights the significant advantages of incor-
porating nanoparticles in pyramid solar stills to improve
their overall thermal performance and efficiency.

These results underscore the potential for enhancing
the efficiency of pyramid solar stills through nanoparticle
modifications, which can contribute to more sustainable
and effective water desalination systems in arid regions.
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