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Highlights

e Water temperature at peak jumps 7.6°C by using side mirrors and sun tracking in
passive mode.

e Applying sun tracking and side mirrors leads to 34.3% more distillate at peak in
active mode.

e The maximum daily water yield is enhanced 43.1 and 22.2% in passive and active
modes.

e 36.0 and 22.3% better daily efficiency are achieved for passive and active operation.

e The enhanced systems in passive and active modes have cost of 0.0319 and 0.0225
$.L7

Abstract

Impact of using side mirrors and sun tracking on enhancing the performance of a solar still in
both passive and active modes is investigated in details by employing the recorded
experimental data. The conventional system, using each improvement strategy individually,
and the combination of both strategies together are studied, which leads to having four cases
in each mode, and eight cases in total. The eight different cases are compared together from
different aspects, including, hourly water temperature in the basin, hourly fresh water
production, hourly cumulative yield, daily produced distillate, daily efficiency, and cost per
liter. Based on the results, all the investigated performance criteria are improved when sun
tracking and side mirrors are employed. For example, by employing both improvement
strategies together, the peak temperature of water in the basin goes up by 7.6°C in the passive
mode, and the maximum fresh water production increases by 34.3% in the active operation.
Moreover, it leads to 43.1 and 22.2% growth in the daily water production, and 36.0 and
22.3% increase in the daily efficiency of the passive and active modes, respectively. Using
the combination of sun tracking and side mirrors also imposes the cost per liter of 0.0225
$.L"! for active operation. It is much lower than the corresponding value in the conventional
system.

Keywords: Desalination technology; Economic analysis; Side mirrors; Solar tracker; Solar
still; Technical assessment



Nomenclature

Nomenclature Scripts
A area (m?) IPF initial purchase price
c cost ($.year™' or $.1'") fe fluid to gas phase change
CRF capital recovery factor rwp fresh waler production
f fraction O&M operating and maintenance
g investigated function PFW produced fresh water
G solar radiation (W.m %) receiver  receiving solar radiation
h enthalpy (kl.kg ") salvage  salvage
i inflation rate water waler
PP initial purchase price ($)
m mass (kg) Greek symbols
N system lifetime (years)
SFF sinking fund factor n efficiency
T temperature ("C) o uncertainty
v volume (1.)
x a measured or calculated parameter Abbreviations
¥y a measured or calculated parameter
CPL cost per liter
PV photovolraic

1. Introduction

The world population is increasing with a fast speed during the past years. Taking a look at
the statistics shows that it reached from 6.143 in 2000 to 7.795 billion people in 2020, which
shows the huge increase rate of 26.9% in the period [1].

The growing number of people who are living on the Earth in addition to the significant
rising in the standard of living has led to increase in demands for potable water more and
more [2], [3], [4], [5]. However, the current growth in the supply is not able to cover the
increase in the demand [6], [7], [8], [9]. This point, beside the fact that there are energy crises
all around the world have encouraged researchers to develop more efficient desalination
technologies, especially the ones which run with renewable energy resources [10], [11], [12],
[13].

Among different alternatives as the renewable energy source in a desalination system, solar
energy is the most common one [14,15]. The advantages such as higher power density and
reliability, as well as lower level of noise compared to other alternatives have made solar
energy as the most popular kind of renewable energy [16], [17], [18], [19], and a lot of
countries have huge future investment plans for developing their solar energy facilities [20],
[21], [22], [23].

One of the cheapest and most energy-efficient ways to remove salts from the impure water by
means of solar energy is using solar stills. In a solar still, the radiation from the sun is
received, and the received solar radiation provides enough energy for evaporation of a part of
the salty water in the basin. The evaporated water moves and it is gathered on the top of the
basin. Then, the gathered vapor loses its energy and returns to the liquid phase with this
difference now, it is not salty.

Table 1 presents a list of the recent investigations done in the field of solar stills. As
observed, in the performed investigations, different components have been used to enhance
the productivity of the system. For example, one of the most frequent ones, especially during
the last years is photovoltaic (PV) panels or modules. photovoltaic modules have been
usually employed in solar still desalination technologies to produce the required electricity of



the parts like fans, pumps, and so on. Another popular component is the flat plate solar
collector, which has been used to increase the temperature of water in the solar still.

In addition to the studies introduced in Table 1, in another study in the field, Patel et al. [43]
conducted experiments in a six month period to evaluate the performance of a triple basin
solar still desalination system in which corrugated sheets, evacuated type of heat pipes, and
sensible thermal storage substances were used. The authors found that the temperature for the
combination of conventional triple basin solar still, evacuated heat pipes, and granite gravel
was almost 10°C higher than the stand-alone system.

Moreover, the potential of taking the advantage of calcium stones as the thermal storage
system and evacuated tubes to increase the fresh water production in a solar still was
investigated by Panchal et al. [44]. The results of that study demonstrated that the average
fresh water production was improved by 113.52% when both enhancement ways were
applied at the same time.

In another investigation, Essa et al. [45] proposed a solar still desalination technology in
which rotating discs were employed to decrease thickness of the impure water and increase
evaporation rate. A parametric study was also conducted to find the best rotational speed of
discs, which showed that in most of the cases, the foremost operation was seen in the values
of 0.05 and 0.1 rpm.

Moreover, a new design for solar still, which was called trays solar still, was presented and
experimentally examined by Abdullah et al. [46]. In that study, it was found that employing
the new design in combination of mirrors in the top led to enhance the distillate production by
58% compared to the conventional system.

Additionally, in another investigation, Patel et al. [47] introduced a machine for extracting the
moisture from the ambient air and assessed the system performance under diverse climatic
conditions. The ranges between 0.75 and 4.71 kW per liter and 0.28 and 1.78 liter per hour
for specific energy consumption and yield were observed, respectively.

Panchal [48] also considered a double basin solar still desalination system and examined
different thermal storage substances in upper basin to improve the performance of that. The
measured experimental data was employed for enhancement evaluation, which showed
229.2% growth in the fresh water production compared to the base system. A review paper
was also provided by Panchal et al. [49], as well, in which using the thermoelectric-based
systems for desalination of groundwater was investigated.

Based on Table 1, as well as other reviewed studies, it is found that valuable studies have
been done so far, and different ways to enhance the performance of the solar still desalination
system have been examined. However, to best of the Authors’ knowledge, some methods for
improving the performance have not been investigated and their potential has not been
evaluated yet. Two items which seem to have a huge enhancement potential are:

¢ Employing Sun tracking technique: When solar still rotates and it tracks the sun,
the possibility of receiving a higher amount of solar irradiation, and consequently,
more fresh water production is provided.

e Using side mirrors: A lower level of the received energy from the sun is absorbed
using side mirrors in a solar still. It also acts as an insulation.



Therefore, the current study is done with the following objectives:

e Design and fabrication of a solar still desalination system in which sun tracking and
side mirrors strategies were employed to enhance the performance.

e Testing the performance of the solar still desalination system when the improvement
strategies were used in both active and passive modes and recording experimental
data.

e Comprehensive technical evaluation of the improvement scenarios by considering the
profiles for hourly water temperature in the basin, the hourly fresh water production,
and the hourly cumulative yield, as well as the daily produced distillate and the daily
efficiency , as the key performance indicators of a solar still desalination system.

e Economic assessment of different cases based on the cost per liter of fresh water.

e In this paper, after presentation of the introduction, which has been done, the
methodology is given. Then, the results are presented and discussion about them is
carried out. Finally, the most remarkable findings are introduced as the conclusions.

2. Methodology
The methodology employed in this investigation to obtain results are described here.
2.1. Experimental setup

The experiments are done on a single solar still, which is schematically depicted in Fig. 1, in
Tehran, Iran, which is located in 51.4 degrees E, 35.7 degrees N.

Solar collector 2 E

Solar still

St e movement

Wheels for .-~ s
movement

Fig. 1. Schematic of the investigated experimental setup for solar still.



Fig. 2 also shows some of the measurement devices employed to record data from the
performance of the solar still. As seen in Fig. 1, the experimental setup is composed of a solar
still and a flat plate solar collector. The two mentioned parts are connected together by
pipeline. In addition, for operation of the system in the active condition, a pump is also
considered, which gives enough energy from the network grid in the experiments. Moreover,
there are two reservoirs, one for the salty water, which is connected to the solar still and
another for water above the solar collector. There is a place for accumulation of the fresh
water, as well.

Ambient thermometer to measure ambient temperature

Wind meter to measure wind Solar power meter to measure
velocity irradiance

Fig. 2. Some of the measurement devices employed to record data from the performance of the solar still.

The bottom of the solar still is painted black, which leads to absorbing a higher level of solar
radiation. The solar still has the area of 1.4 m?, and consists of glass, basin, isolation cover,
polycarbonate box, and the fresh water collection half pipe. Additionally, the 3 m? flat plate
solar collector is covered with glass wool insulator and the pipes in the heat transfer circuit
from the steel pipe, which provides the possibility of both a long life-time and high level of
heat transfer rate.

The experiments were done on eight different days. Having the similar fashion as the studies
like [28, 31, 34], the experiments were done on an hourly basis. It is an acceptable time
resolution to report data for solar stills. On each day, the operation of system, and
consequently, data recording, starts at 8:00 and finishes ten hours later, i.e., at 18:00. In order
to obtain each set of experimental data, measuring is done six times with ten seconds
intervals, and the average value is reported. The description of the conducted experiments is
presented in Table 2.



Table 2. Description of the conducted experiments.

Case Date Passive/Active Using side mirrors/Not using side  Using sun tracking/Not using sun

mirrors tracking
Case Sep 1, . . . . . :
X 2019 Passive  Not using side mirrors Not using sun tracking
gase S;g) ] é’ Passive Not using side mirrors Using sun tracking
gjase S2e(§3 lg’ Passive  Using side mirrors Not using sun tracking
Case  Sep 4, Passive  Using side mirrors Using sun tracking
4 2019
Case Sep 6, . . . . . :
5 2019 Active Not using side mirrors Not using sun tracking
gase S2e(§3 1;’ Active Not using side mirrors Using sun tracking
Case Sep 8, . . . . : :
7 2019 Active Using side mirrors Not using sun tracking
gase s;é) lg, Active Using side mirrors Using sun tracking

The devices introduced in Table 3 were employed for measurement. The recorded values of
the weather characteristics, including ambient temperature, solar radiation, and wind velocity
are reported in the results and discussion part of the paper, i.e., Section 3.

Table 3. Introducing the devices employed to measure the experimental data.

Devises The measured parameter Range Uncertainty
K-type Thermocouple water temperature in the basin 0-1000°C +0.6°C
Ambient thermometer ambient temperature 0-80°C +0.1°C
Solar power meter solar irradiation 0-2000 W.m? +10 W.m?
Wind meter wind velocity 0-10 m.s™! +0.2ms!
Graduated cylinder fresh water production 0-2000 mL + 5 mL

It is worth mentioning that as observed in Fig. 1, the solar still and flat plate solar collector
were installed on the wheels, and the wheels are connected to the solar still by rods. The rods
are built in a way that the length of them can be changed. By changing the length of the rod,
the distance between the wheels and basin or collector, and consequently, the slope changes.
In addition, the wheels can be also employed to rotate the solar basin and collector around N-
S axis.

2.2. Calculated parameters

By obtaining the measured parameters from the experiments, they can be employed to
determine the values of some other indicators based on the calculations, which are called
calculated parameters here. This part provides a brief description about the way to calculate
them. In addition, the details about the economic analysis and calculating the economic and
technoeconomic criteria are also provided in this part.



2.2.1. Technical parameters

Efficiency of the solar still () is taken into account as the most important dimensionless
technical parameter of that. Efficiency of a solar still is determined from Eq. (1) [29]:

M PEW M water

=

where mprw 1s the mass of the produced fresh water, and G is the received solar radiation. /g,
water alSO Tepresents the required heat of vaporization of water for changing phase from liquid
to gas. M, water 1s dependent on the temperature of water, as Eq. (2) shows [50]:

h’f.r;.u'.'a.f.r:." = h_t.'..:.:'r:f.: e h’f.u.'r.'.'.e:.-' — {25[”3 T -I*SETLWHM'} ; '?1'196.?1'1-'”-'-!'?' — 2:}{:”3
— 2.3761 nter (2)

Moreover, Areceiver In Eq. (1) denotes the area which receives solar radiation. In the passive
mode, 4 eceiver Only comes from the solar still. However, for an active solar still, the area of
preheating collector should be also considered to calculate the efficiency. In addition, as
another important notification, it should be noted that based on the definition and given
parameters as the input of Eq. (2), the efficiency can be calculated hourly or daily basis. In
this study, the latter, i.e., daily efficiency is employed.

2.2.2. Economic parameters

The annualized cost of the solar still desalination system (Cjyseen) 1s obtained from Eq. (3):
r:-:r.u yalem — (-:r!}’.f’ T C‘{?& M C.uu.i"r;-'l_r.ﬂ' (3)

In Eq. (3), Cipp denotes the annualized cost imposed from buying the system at the beginning
of the time, which is determined by Eq. (4) [31]:

Crpp = CRF x IPP (4)

IPP is the initial purchase price of the system. /PP is calculated based on the information
found in Table 4. In addition, CRFis the cost recovery factor by which the lumped payment
of IPP becomes annualized. When the system life-time (V) and inflation rate (i) are available,
CRF can be determined from Eq. (5) [51]:

g o N .
t(1+1} i

R
(144 1- ()

CRF =
(5)



Table 4. Cost of components which are used to calculate the initial purchase price of the system; the values are
obtained based on the inquiry from local providers in Iran.

Devises Cost (9)

Solar collector (the flat plate type) 172.93
Water tank 29.77
Pipes 7.19
Wheels and rods 7.46
Isolation layers 12.19
Polycarbonate body 75.38
Channel 19.86
Glass 8.42
Pump 22.24
Other parts 19.22

For a solar still desalination system N can be considered 15 years [31] while based on the
information of [52], the value of 5% for i is taken.

in Eq. (3) is also the operating and maintenance cost. In general, in all the energy systems like
solar stills, is assumed to be a fraction of C;pp. Therefore [31]:

Coum = foem % Crpp (6)

Following the same fashion as the studies in the literature, including [31], fotentis chosen
15%.

The income gained by selling the components which have the potential of the further usage at

the end of lifespan is indicated by Csanage. Similar to Cotm, Csaivage 1 also considered to be
a fraction of Cipp [53], this time 20% of that. As result, and knowing the fact that Csamage Will
be paid at the end of lifespan, it is computed from Eq. (7) [31]:

C-Tr.ur:.i'r'u_r,re- — f.wu'-!'r.l_-:,lrr X C:'r.l'}’.f’ x 'SF'F (7)
where SFF is the sinking fund factor, which is determined via Eq. (8) [31]:

SFF = —i—
(14+i)" —1 (8)

2.2.3. Techno-economic parameters

In order to provide a fair comparison with the previously published research items on solar
stills, the same criterion as them is taken into account as the investigated techno-economic
parameter. The fresh water production cost (Crwp), which is defined by Eq. (9), is chosen.

Crwe is the most frequent reported techno-economic parameter for a solar still, and several
studies like [31,34] used the concept of Crwe.

Cloystem
Veen (9)

Crwp =



In Eq. (9), Vrwe stands for the volume of the produced fresh water. Vewpe during a year is
calculated based on the obtained daily experimental data and by following the same fashion
of the references like [34]. Cysem 1s the imposed cost of the desalination system, as well. The
way to calculate Cyygem has been presented in Section 2.2.2.

2.3. Uncertainty analysis

Conducting uncertainly analysis has to be done in each experimental work to guarantee the
accuracy and correctness of the recorded data. In other words, the reported data in each
experimental work is valid only when the uncertainty of the data recording stands in an
acceptable level [54].

In order to conduct the uncertainty analysis, similar to the studies like [54], for the parameters
measured directly the reported values in their catalogues of the measurement devices are used
while the propagation of uncertainty rule is employed for the ones which are calculated based
on the directly measured data. According to the propagation of uncertainty rule, when the
parameter g is calculated based on the parameters x and y, which are measured directly or
calculated, the uncertainty of g, which is shown by g, could be obtained from Eq. (10) [55]:

g x'." o = iy ¥ (10)

where o, and o, are the known values of the uncertainty of the directly measured or calculated

i ) ( g )
parameters of x and y, respectively. ( 9z J and \ ¥ / also represent the partial derivative of

the function g with respect to x and y, respectively.
3. Results and discussion

Here, the results of the study are given and the discussion about them is carried out. Initially,
the recorded data for the weather characteristics, including the ambient temperature, wind
velocity, and solar radiation, as well as the performance criteria such as produced fresh water,
are presented in part 3.1. Then, in section 3.2, the hourly profiles of key performance criteria
for the eight investigated modes are plotted and analyzed and after that, the eight different
modes are compared together from the daily fresh water production, cost per liter (CPL), and
daily efficiency perspectives, as well. Finally, the uncertainty values for the directly
measured and calculated parameters are reported in part 3.3.

3.1. The recorded experimental data

The hourly values of ambient temperature, solar radiation, wind velocity, and fresh water
production for eight different cases are reported in Table 5a, Table 5b, Table 5S¢, and

Table 5d, respectively.. Moreover, Table 5e provides the hourly values of water temperature
in the basin recorded during the experiments. For providing a clear presentation, the values of
ambient temperature and received solar radiation for each day are also depicted as the hourly
profiles in Fig. 3 and Fig. 4, respectively.



Table Sa. The values of ambient temperature for eight different investigated cases; the unit of the reported
values are °C.

Hour Case 1 Case 2 Case 3 Case 4 Case 5 Case 6 Case 7 Case 8

8:00 25 25 23 22 24 25 23 18
9:00 25 26 24 24 26 29 25 20
10:00 26 27 27 25 28 29 26 23
11:00 28 28 29 26 29 30 28 24
12:00 29 29 29 28 30 31 29 25
13:00 29 31 30 29 30 31 29 26
14:00 30 31 31 30 31 32 31 27
15:00 31 32 33 30 31 33 31 28
16:00 31 32 34 30 32 33 31 29
17:00 32 32 33 30 33 33 31 28
18:00 32 32 33 30 32 33 31 28

Table 5b. The values of solar radiation for eight different investigated cases; the unit of the reported values are
W.m 2,

Hour Case 1 Case 2 Case 3 Case 4 Case S Case 6 Case 7 Case 8
8:00 279.8 277.9 276.3 274.4 270.7 268.8 266.8 264.9
9:00 456.7 4553 4533 451.5 447.7 445.8 443.8 442.0
10:00 623.1 621.2 619.5 617.6 614.0 612.0 610.2 608.2
11:00 753.3 751.5 749.5 747.7 743.4 741.8 739.8 737.5
12:00 826.5 824.6 822.4 820.1 815.7 813.6 811.4 808.9
13:00 830.8 828.4 825.9 823.4 818.0 815.4 812.7 809.8
14:00 765.4 762.5 759.4 756.4 750.1 747.0 743.9 740.4
15:00 641.0 637.5 634.0 630.7 623.6 619.9 616.0 612.4
16:00 477.9 474.5 470.7 466.9 459.0 454.9 451.2 447.0
17:00 301.2 297.4 293.3 289.6 281.8 278.0 273.8 270.1
18:00 134.4 130.9 276.3 274.4 270.7 268.8 266.8 264.9

Table Sc. The values of wind velocity for eight different investigated cases; the unit of the reported values are

m.sL.

Hour Case 1 Case 2 Case 3 Case 4 Case 5 Case 6 Case 7 Case 8

8:00 0.0 1.0 1.5 1.0 1.0 1.0 2.1 1.0
9:00 1.0 2.1 2.1 1.5 1.0 0.0 2.1 2.1
10:00 2.1 1.0 1.0 2.1 1.0 1.5 2.6 1.5
11:00 2.1 2.6 1.0 2.1 2.1 2.1 2.1 1.5
12:00 2.1 2.1 2.1 1.5 2.1 2.1 2.6 1.5
13:00 3.1 2.1 3.1 1.0 2.1 2.6 1.0 1.5
14:00 2.6 3.1 3.6 2.6 2.6 2.6 1.5 1.0
15:00 2.6 2.1 3.1 1.5 2.1 2.6 1.0 1.0
16:00 1.5 1.5 4.6 2.1 1.5 0.0 1.5 1.0
17:00 1.0 2.1 3.6 1.0 1.0 2.1 2.1 2.1

18:00 2.1 1.0 5.1 1.5 1.5 1.5 3.6 2.6



Table 5d. The values of the fresh water production for eight different investigated cases; the unit of the reported
values are mL.

Hour Case 1 Case 2 Case 3 Case 4 Case 5 Case 6 Case 7 Case 8

8:00 1.7 2.1 1.8 24 6.1 6.7 6.5 7.5
9:00 16.9 21.3 334 44.2 190.9 166.4 166.8 274.9
10:00 91.4 123.4 98.9 131.3 3332 356.3 353.2 417.7

11:00 172.8 248.2 169.5 225.8 641.8 685.1 671.5 790.4
12:00 242.8 299.1 234.4 367.9 883.2 977.1 939.4 1007.4
13:00 290.4 367.7 348.3 415.5 996.9 1123.1 1052.1 1339.2
14:00 254.8 308.4 278.9 373.2 946.3 1081.0 982.2 1035.8
15:00 201.6 232.8 218.1 282.6 727.8 797.0 838.9 875.4

16:00 139.2 151.1 153.1 197.6 505.2 545.4 505.9 636.4
17:00 80.8 99.5 88.2 115.7 295.0 340.6 316.9 369.4
18:00 38.6 47.3 41.9 54.5 142.4 158.0 218.3 176.5

Table Se. The values of the water temperature in the basin; the unit of the reported values are °C.

Hour Case 1 Case 2 Case 3 Case 4 Case 5 Case 6 Case 7 Case 8

8:00 21.6 28.2 21.4 27.5 36.5 35.2 36.6 39.0
9:00 26.5 329 28.1 31.7 40.9 42.8 41.5 43.8
10:00 29.1 37.2 32.7 34.2 42.7 45.7 44.1 47.0
11:00 36.8 45.0 37.4 41.2 514 51.5 56.8 54.6
12:00 429 49.9 43.5 53.8 62.5 63.7 64.9 64.5
13:00 54.5 60.8 55.4 62.1 68.9 68.6 69.5 72.1
14:00 50.5 54.9 51.2 58.4 63.7 65.2 65.6 68.5
15:00 47.6 51.8 48.2 55.5 61.7 60.2 62.6 65.0
16:00 45.1 48.4 46.1 53.0 60.8 555 60.2 62.4
17:00 42.2 45.6 42.8 49.9 55.9 53.9 57.2 60.1

18:00 39.7 40.1 38.7 46.9 55.0 543 54.7 573



34 34

32 32 32 32 32 32
31 31 31 31
2 " . o L
= 29 29 28 g 2 W
< 30 58 K o 30 28
@ oF g
H "" 2 27 _‘.‘
B 28 26 ‘ g ® 26 "*
S i e '
g 5 25 25 o 5 - 25 -
g e £ &
s 2 n
= £
E < 5
Case 1 Casc 2
20 20
7 8 9 10 11 12 13 14 15 16 17 18 19 7 8 9 10 11 12 13 14 15 16 17 18 19
Hour Hour
(a) (b)
36 34 32
33 . 33 13 30 30 30 30 30
34 = 29 ol il il
g . o LY 5 . *_,.4' L S8 S 2R J
= 30 B =
g 9 29 e L 28 &>
f = -e® %
g 28 i & 25 N
§ * 2 # g
E 26 24 E ” ’
] 23 g 2
3 24 & ] R
£ *»- £ g
£ 5 < 22 &
Case 3 Case 4
20 20
7 & 9 10 11 12 13 14 15 16 17 18 19 7 8 9 10 11 12 13 14 15 16 17 18 19
Hour Hour
(© (d)
13 33 33 33 33
34 34
22 22 32
31 31 > 31 31 B 28 S8
82 30 30 ” » 82 30 *
T 3 29 "‘ = 29 29 “‘"’
e, 28 ,.-""‘ < 30 ‘
g e g h
g 2 i Q g 2
] o [ 255
g 26 - ‘ :E? 26 ‘
% 24 » g 24
£t n R
* Case 5 = Case 6
20 20
7 & 9 10 11 12 13 14 15 16 17 18 19 7 8 9 10 11 12 13 14 15 16 17 18 19
Hour Hour
(e) ®
P 31 31 31 31 31 10 29
28 8 28
LR I S
30 o & G 28 N ¢_,.s‘ L BE J
g 28 “‘ g 24 i‘
o ; e e 3
2 26° 2 2 S, 3
§ o 5 & *
[-3 hd (-8 e '-'
£ » £ 20
= 24 23 2 a2
£ 3 £ 2 &
3 +* N 18
o i
;E 22 £ *
Case 7 Case 8
20 16
7 8 9 10 11 12 13 14 15 16 17 18 19 7 8 9 10 11 12 13 14 15 16 17 18 19
Hour Hour
(g) (h)

Fig. 3. Hourly profiles for the ambient temperature (a) case 1; (b) case 2; (c) case 3; (d) case 4; (e) case 5; (f)
case 6; (g) case 7; (h) case 8.



900 826.5830.8 900 824.6828.4
753.3 ..' 765.4 751.5 ._. 762.5
800 .- . —~ 800
=3 e ' | e
T 70 623-_1.-" - ; 700 621‘.2_-'. e
2 500 . T 600 )
= 456.7" 4719 S 4553 -474.5
S 500 Iy & 500 g ’
B -
& 5 o 4
T 400 | o79gr -301.2 £ 400 | og7gs "297.4
5 300 ] B 300 ]
i ] 1344 < u %1309
5 200 . £ 200 =
2 @
2 8
g 20 Case 1 & 100 Case 2‘
€ 0
8 9 10 11 12 13 14 15 16 17 18 19 & 9 10 11 12 13 14 15 16 17 18 19
Hour Hour
(a) (b)
900 822.4825.9 500 820.1823.4
i Gy = | 758.4 . 7477 - 756.4
— o . 5 .
E 200 619.5 . .. 634 E 617.6 - ..630.7
s - 2 700 .
- =;
$ 8 453.3° 4707 2 e 451.5° *466.9
S 500 - 1 5 500 - '
g _ 3 n
5 900 | o7paf ~2933576.3 5 2001 a4 ~289.6274.4
3 300 ] | ] % W '.
g 200 2 200
3 ]
& 100 Case 3 & 100 Case 4
i 0
7 8 9 10 11 12 13 14 15 16 17 18 19 g 9 10 11 12 13 14 15 16 17 18 19
Hour Hour
© (d)
900 815.7 818 a0 813.6815.4
500 743.4 | 750.1 a0 741.8 IR | 747
§ 700 614_.. .-5?23-5 ;. 700 612__.' ..519.9
T 600 L] € 600 -
k] 500 4477 459 £ 500 aasar -A54.8
od B | ® £ -
o —
m -1
£ ; & L 2
5 00| 07 *281.8270.7 5 00 | 26s.8 -, 278 268.8
5 2 3 5 2 :
300 300
L ] nm 8 ] (W
£ 200 $ 200
@ £
g 100 $ 100
Case 5 & Case 6
0 0
7 8 9 10 11 12 13 14 15 16 17 18 19 8 9 10 11 12 13 14 15 16 17 18 19
Hour Hour
(e ®
900 811.4812.7 900 808.9809.8
7398 pu..gm 7439 ; g 740.4
_ 800 . o X ~ 800 it & K
N'g 700 610-2_.-. .-‘,515 ; 700 608.2... '.,_512.4
g 600 . E 600 - .
5 4438~ 4512 4 442 & - 447
£ 500 2 - £ 500 5 .
- ®
B 400 / 3 S 400 ] 3
i 266.8 .273.8266.8 5 264.9¢ ~270.1264.9
i o . [-] 5 e
2 300 300
8 ] | N | % ] | B |
T 200 5 200
z (]
@
100 2 100
3 Case 7 « Case 8
0 0
7 8 9 10 11 12 13 14 15 16 17 18 19 & 9 10 11 12 13 14 15 16 17 18 19
Hour Hour
(2 (b)

Fig. 4. Hourly profiles for the received solar radiation (a) case 1; (b) case 2; (c) case 3; (d) case 4; (e) case 5; (f)
case 6; (g) case 7; (h) case 8.

3.2. Comparing the performance criteria of the eight investigated cases



In this part, the eight considered cases are compared together from different aspects. The
investigated performance criteria are the main characteristics of a solar still desalination
system.

3.2.1. Temperature of water in the basin

Fig. 5 present the recorded data for water temperature in the eight different cases. This figure
reveals that in general, the water temperature in the basin has an upward trend from 8 to 13,
i.e., in the first half of the day, and then, goes down in the second half; i.e., 13 to 18.
However, the rate of decrement is not as high the increase rate. The reason is the temperature
of water in the basin is a function of both received solar radiation and ambient temperature;
the high irradiance and ambient temperature are, the higher temperature water in the basin
has, and since the ambient temperature in the afternoon is higher than morning, a condition
with the same solar radiation in the afternoon has a more water temperature level. For
example, the temperature of water in the basin goes up from 27.5 to 62.1°C from 8 to 13, and
reduces from 62.1 to 46.1°C from 13 to 18 for case 4. It shows the average increment and
decrement rates for this case are 6.92 and 3.20°C per hour, respectively. It highlights the fact
that using the active mode or other pre-heating methodologies in the morning is more
important than the afternoon to have a more water temperature in the basin.

Moreover, when other factors are kept constant, changing the working mode from the passive
to active condition leads to almost 8-15°C increase in the temperature of water in the basin.
For example, the peak temperature, which occurs at 13, for the passive cases of 1, 2, 3, and 4
are 54.5, 60.8, 55.4, and 62.1°C. The corresponding values for the cases 5, 6, 7, and 8, are
68.9, 68.6, 69.5, and 72.1°C, which shows 14.4, 7.8, 14.1, and 10.0°C growth, respectively.

Fig. 5a-5d also demonstrate that using both the side mirrors and sun tracking can increase the
water temperature level in the basin significantly in the passive mode. When both
enhancement strategies are employed, the maximum water temperature in the solar still
jumps from 54.5 to 62.1°C, which means the considerable increase of 7.6°C. Furthermore,
comparing the results in the passive mode shows that between side mirrors and sun tracking,
taking the advantage of sun tracking is more effective and causes a higher water temperature
increase.

3.2.2. Hourly fresh water production

As the main technical characteristics of a solar still, the hourly profiles of fresh production of
the system, which is also known as yield, are depicted in Fig. 6 for the eight considered cases.
Fig. 6 brings the important point into the attention that in low radiation levels, especially in
the morning, using the active mode is necessary to have an acceptable fresh water
productivity. For instance, at 9, the amount of the hourly yield in the cases 1, 2, 3, and 4,
which are all passive, are 16.9, 21.3, 33.4, and 44.2 mL. The values become much more
considerable when it is switched to the active mode where for the cases 5, 6, 7, and 8, which
are the active modes of cases 1, 2, 3, and 4, the hourly fresh water production reaches 190.9,
166.4, 166.8, and 274.9 mL at 9, respectively. In addition, the significant positive role of
using the employed enhancement ways is proven by comparing the values of the pure water
production before and after taking the advantage of them.
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As another example of huge improvement in the hourly yield, the peak values, i.e., values at
13, could be given. Based on Fig. 6a-6d, using sun tracking and side mirrors individually
leads to have 1.27 and 1.20 times greater fresh water production, while taking the advantage



of both enhancement methods is accompanied by 1.43 times bigger hourly pure water yield.
In this case, like the temperature of water in the basin, sun tracking has a higher impact on the
amount of the produced fresh water in the passive mode. However, the higher impact of sun
tracking in this case is not as big as the previous case, i.e., temperature of water in the basin.

Moreover, despite the fact that temperature of water in the basin does not return to the
morning level in the afternoon and stays in a higher level than morning, the hourly water
yield values returns to the morning level in the afternoon. In case 4, for instance, the fresh
water productivity at 10 is 131.3 mL while at 17 it has the value of 115.7 mL. This is because
the fact that the water productivity is a stronger function of the received solar radiation than
the temperature of water in solar basin, and in this case, ambient temperature is not as
effective as water temperature in the basin.

3.2.3. Cumulative fresh water production

Fig. 7 reveals that although using the enhancement ways does not almost change the behavior
of cumulative fresh water production, it improves the values significantly. For example,
taking the advantage of sun tracking increases the cumulative yield at 13 from 0.82 to 1.06 L.
Using side mirrors also leads to enhancing the value at the same time to 0.89 L while by
employing the combination of sun tracking and side mirrors, the cumulative yield of 1.19 L is
provided at 13. Comparison of the values not only for this time but also other time points
shows the higher positive impact of sun tracking compared to side mirrors in enhancement of
cumulative water production.

Furthermore, as per Fig. 7, switching from the passive to the active mode brings a huge
improvement in the values of the cumulative water production. For instance, the cumulative
production yield of case 8 at 14 is 4.87 L. This value is 3.12 times bigger than case 4, which
is the passive mode of case 8. The cumulative fresh water production of case 4 is 1.56 L.

Evaluating the hourly profiles for different cases reveals some other points, as well. One
point is that in spite of the fact that the amount varies from a case to another one, the water
production for two time periods are not considerable. They are the periods between 8 and 10,
and 16 and 18, in which the solar radiation is not high. It highlights the fact that in order to
improve the performance of a solar still, in addition to the considered strategies of this study,
the techniques to enhance the given input for such hours should be found, as well.

3.2.4. The daily productivity

The amounts of distillate provided by each of the investigated cases are compared together in
Fig. 8. This figure shows that using even one of the employed enhancement strategies leads
to a considerable increase in the daily productivity of systems in either passive or active
mode. Compared to the conventional passive case, i.e., case 1, applying the sun tracking
enhances the daily productivity from 1.53 to 1.90 L, which means the significant growth of
24.18%. The improvement gets even more by taking the advantages of both side mirrors and
sun tracking at the same time, where 2.19 L distillate is produced and 43.14% increase
happens.
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The suggested strategies to enhance the performance of the solar still also provides
remarkable improvements in fresh water production in the active mode. The daily yield for
the conventional active system (case 5) is 5.66 L, while it reaches 6.05 L by employing the
side mirrors (case 7). In case 6, in which the sun tracking is used, the fresh water production
enhances to 6.23 L per day. Taking both the improvement techniques increases the daily
distillate production to 6.92 L, as well. It means 0.57, 0.39, and 1.26 L growth in the daily
pure water production for cases 6, 7, and 8, which is accompanied by 10.07, 6.89, and
22.26% improvement compared to the conventional active mode (case 5), respectively. In
addition, case 8 has 352.29% higher yield than case 1.
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3.2.5. Daily efficiency

The daily efficiency of the eight different investigated cases are calculated and the results are
presented in Fig. 9. According to Fig. 9, the efficiency varies in the range of 28 to 55%, and
for a conventional passive solar still (case 1), the efficiency value is 28.11%, which is close
to the reported values in the literature [34]. In addition, based on the obtained results, it is



found that using the suggested techniques in the both passive and active modes is
accompanied by almost considerable enhancement in the efficiency of the solar still.

In the passive mode, using sun tracking individually increases the efficiency from 28.11 to
33.16%, while the value of 29.15% is achieved by taking the advantage of side mirrors.
Employing both enhancement strategies together also leads to having the daily efficiency of
38.22% in case 4, which shows the growth rate of 35.97% compared to the conventional
system, i.e., case 1.

The efficiency levels in the active mode are higher as expected. Here, however, the
improvement in the daily efficiency when the side mirrors and sun tracking strategies are
applied are much closer together. For cases 6 and 7, daily efficiency values are equal to 48.87
and 47.46%, respectively. In addition, like the passive mode, a significant increment in
efficiency happens in case two strategies are applied together. Reaching from 44.40 to
54.29%, daily efficiency experiences 22.27% enhancement in case 8 compared to case 5.

3.2.6. Cost per liter

As mentioned earlier, the cost per unit of the produced fresh water, Crwp, is taken into the
most important techno-economic performance criteria of a solar still desalination technology.
Usually, the unit for the volume of distillate (VFwp) in the equation to calculate Crwp (Eq. (9))
is expressed in liters, and in such cases, Crwp is known as cost per liter (CPL). CPL is
calculated for the eight investigated cases based on the method introduced in Sections 2.2.2
and 2.2.3, and the values are reported in Fig. 10 while the details of calculations are given in
Table 6.
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Fig. 10. Comparing cost per liter (CPL) of the different investigated cases.



Table 6. The details of calculations of CPL.

Case Daily water production on the Annual water Annualized cost CPL

investigated day (L) production (L) )] (S.LY
Case 1 1.53 459 13.2 0.0289
Case 2 1.90 570 18.3 0.0321
Case 3 1.67 501 15.7 0.0314
Case 4 2.19 657 20.9 0.0319
Case 5 5.66 1698 38.8 0.0228
Case 6 6.23 1869 443 0.0237
Case 7 6.05 1815 41.3 0.0228
Case 8 6.92 2076 46.8 0.0225

The results show that generally, the passive systems (cases 1 to 4) have much higher values
of CPL in comparison to the active ones (cases 5 to 8). According to Table 6, which reports
the details of calculations, although passive systems imposes a lower level of annualized cost,
they suffer from a much less amount of fresh water production, as well. On the other hand,
the active systems enjoy a much greater distillate production level, which overcomes the
extra imposed annual cost. For example, for case 4, the amount of water production and the
imposed annual cost are 657 L.year ! and 20.9 $.year !, which results in having CPL of
0.0319 $.L!. Case 8, which is case 4 in the active mode, has 2.24 times greater annual cost,
but also 3.16 times bigger fresh water production, which is accompanied by 29.46% cheaper
CPL. CPL for this case is 0.0225 $.L"!. This value is a bit more than the one mentioned in the
studies like [56], but the proposed system of this study is less complicated and has fewer
parts, which provides a higher reliability level.

In addition, the techno-economic assessment for the active systems reveals that there is a
small difference between the CPL of using side mirrors and sun tracking when each one is
employed individually. Employing sun tracking has CPL of 0.0237 $.L™!, while this value for
taking advantage of side mirrors is 0.0228 $.L"!. Nonetheless, because of higher water
production rate, sun tracking technique is recommended if only one of the enhancement ways
is going to be chosen. Additionally, as a very significant point, using the side mirrors and sun
tracking techniques together does not impose additional CPL compared to the conventional
system and even reduces it. As Fig. 10 shows, for case 8, CPL has the value of 0.0225 $.L ",
while CPL for the conventionial passive system, i.e., case 1, is 0.0289 $.L"!. Therefore, the
technoeconomic benefit of using both suggested strategies together for the active mode is
proven. This point, in addition to the other previously discussion shows that using active
mode in combination with the two proposed enhancement strategies not only brings a higher
level of temperature in the water basin and water production rate, but also is totally
economically justifiable.

3.3. Uncertainty values

Following the similar fashion as the recent studies like [54], values of the relative uncertainty
are given to evaluate the accuracy of the reported information. Table 7 gives the results where
the uncertainty values are found very close to the previously done investigations such as
[31,34]. Therefore, the accuracy of the reported data in the paper is verified.



Table 7. The relative uncertainty of the reported parameters.

Parameter Average relative uncertainty (%)
Ambient temperature 0.863
Solar radiation 0.022
Wind velocity 0.034
Temperature of water in solar still 0.258
The fresh water production 1.087

4. Conclusions

The enhancement potential of using sun tracking and side mirrors to improve the
performance of a solar still was evaluated through conducting experiments. Investigation was
done for the conventional system, employing each enhancement strategy individually, and
taking the advantage of both sun tracking and insulation at the same time in passive and
active modes, which led to having eight different cases. Different key performance criteria,
including the hourly profiles of water temperature in the basin, fresh water production, and
cumulative yield, as well as the daily obtained pure water and efficiency for eight cases were
compared together. In addition, eight cases were evaluated based on cost per liter, as well.
The following items could be mentioned as the most remarkable findings of the study:

e All the performance criteria were enhanced when either one or two enhancement
ways were employed in both modes. In most of the cases, the improvement was
considerable, which proved the effectiveness of the suggested enhancement strategies.

e By applying both side mirrors and sun tracking techniques, the peak water
temperature increased by 7.6°C in the passive mode. Changing the mode from the
passive to active while two aforementioned techniques were used at the same time
also was also accompanied by 10°C higher maximum temperature of water in the
basin.

e The hourly yield at the peak and daily produced fresh water was enhanced both 43.1%
in the passive mode, and 34.3 and 22.2% in the active mode when the two proposed
improvement strategies were employed simultaneously.

e The daily efficiency also jumped 36.0% in the passive mode after taking the
advantage of sun tracking and side mirrors at the same time, while the corresponding
value for the active operation was 22.3%.

e Although using side mirrors in addition to sun tracking imposes higher annualized
cost compared to the conventional system, it leads to having a lower cost per liter in
the active mode. The reason is the higher increase rate of the produced water
compared to the annualized cost, which reduced cost per liter from 0.0228 to 0.0225
$.L"!. It showed that for active operation, the improvement ways were economically
justifiable, as well.
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