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Abstract
Solar desalination is one of the most sustainable solutions to produce freshwater from brackish water. The present research work
aims to experimentally investigate the effect of a V-shape concentrator integrated with solar still (SS). The V-shape concentrator
integrated with the conventional solar still (CSS) is used to supply the saline water at elevated temperature to the basin of SS,
which augments the freshwater yield compared to CSS. The experimental investigation was performed at different brackish water
depths of 0.01, 0.02, and 0.03 m, respectively. The SS system was evaluated based on water yield, energy, exergy, concentrator
efficiency, and economic analysis. The freshwater yield of the solar still integrated with V-shape concentrator (SSVC) was found
to be 5.47, 5.10, and 4.89 L/m2.day, whereas the yield of the CSS was 3.73, 3.27, and 2.91 L/m2 .day at the water depths of 0.01,
0.02, and 0.03 m, respectively. The daily energy and exergy efficiency of CSS were 38.5, 33.5, and 29.4% and 1.9, 1.5, and 0.97
% in the case of 0.01, 0.02, and 0.03m water depth , respectively. However, the integration of concentrator significantly
augmented the energy efficiency to 57.4, 51.7, and 44.9% and exergy efficiency to 3.8, 3.3, and 2.8% for the respective water
depths . Life cycle studies demonstrated that the freshwater cost per liter for CSS and SSVC were 0.0102 $ and 0.0117 $
respectively, at a water depth of 0.01 m. It was concluded that the addition of V-shape concentrator and minimum water depth
is useful to augment the energy efficiency, exergy efficiency, and yield of the SS in the very economical way.
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Introduction

The severe difficulty faced by the world in the present century
is to supply sufficient fresh water. Around two third of the
earth is cover with water, but only one percent of this water
is used for drinking and household purpose. As the worldwide
demand for water consumption is greatly increasing, ground-
water resources are tremendously exploited and the quantity
of available water is reducing. The groundwater in different
regions is not normally utilized for drinking purposes since
there is a tremendous number of suspended solids and min-
erals. To improve the quality and solve the shortage of drink-
ing water, several desalination techniques have been
employedsuch as reverse osmosis (Boulahfa et al. 2019),
multi-effect desalination (Doornbusch et al. 2019),
humidifcation-dehumidification (Hamed et al. 2015; Kabeel
et al. 2014), multi-stage flashing (El-Ghonemy 2018), and
hybrid system (Sharshir et al. 2016a; Sharshir et al. 2016c).
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However, the major concerns of these techniques are a high
amount of energy consumption.

Amongst the various available desalination methods, solar
desalination is a good source due to the abundant solar avail-
ability, with yearly solar irradiance higher than 2000 kWh/m2/
year in most parts of the world, except in Russia, Canada,
Japan, and South Korea (Trieb et al. 2009). Solar still (SS)
has been considered as one of the most effective techniques
for desalination due to its lower construction and mainte-
nances costs. However, the major limitation of the SS is its
low productivity of distilled water as compared with other
distillation processes. Various types of SS with different prop-
erties have been designed and developed to augment the fresh-
water yield such as passive SS (Thakur et al. 2020; Thaur et al.
2018b; Kumar Thakur and Kumar Pathak 2017; Balachandran
et al. 2019a; Sharshir et al. 2016d; Singh et al. 2019), SS with
phase change materials (Sharshir et al. 2017b; Sharshira et al.
2019), wick solar still (Sharshir et al. 2016b), active SS
(Pounraj et al. 2018), stepped doublesteeped SS (Sharshir
et al. 2020e), pyramid SS (Sharshir et al. 2020a; Sharshir
e t a l . 2020b) , ac t ive SS wi th concen t r a t ed SS
(Muraleedharan et al. 2019), tubulars (Kabeel et al. 2019;
Sharshir et al. 2019a), flat plate SS (Tanaka 2018), pyramid
SSwith evacuated tubes (Sharshir et al. 2019b), and other
miscellaneous-designed SS with a continuous flow of water
(Balachandran et al. 2019b) and SS using heat-localized ma-
terials (Peng et al. 2020; Peng et al. 2018; Sharshir et al.
2020c; Sharshir et al. 2020d).

Kabeel et al. (2020a) investigated the effect of cylindrical
parabolic concentrators (CPC) and energy storage materials
on the freshwater yield of tubular solar still (TSS) under cli-
matic conditions of Tanta, Egypt. The results showed that full-
day freshwater yield was 5.79–5.94 L/m2 and 9.56 – 9.81
L/m2 in the case of traditional solar still and SS with CPC-
energy storage material, respectively. Also, a daily efficiency
augmented by 19.1%with the integration of CPC-energy stor-
age materials, compared with conventional SS. A modified
TSS using trough in the shape of two half concentric cylinders
combined with CPC for clean water production was designed
and investigated by Kabeel et al. (2020b). The result illustrat-
ed daily efficiency enhancement of 61.4 % at a water depth of
2 cm in the case of modified SS, while it was only 32.2 % for
conventional tubular still. Thakur and Chandramohan (2020)
investigated the freshwater yield of modified SS using copper
absorber plate with Al2O3 nanofluid in the basin under the
climatic conditions of Jaipur, India. Results showed that the
combined effect of copper absorber plate and nanofluid in the
basin augmented the water productivity to 4.77 L, while it was
4.41 L for aluminum absorber plate based solar still.

Elashmawy and Alshammari (2020) fabricated TSS inte-
grated with a parabolic solar concentrator to augment the
freshwater yield under the low humid conditions of Hail city,
Saudi Arabia. It was observed that the integration of the

parabolic concentrator significantly increased the freshwater
yield of tubular solar still from 0.13 to 0.51 L/kg, an augment-
ed yield of 292% compared with the simple tubular still. Also,
efficiencywas enhanced from 13.5 to 24.6%with the addition
of concentrator. The improved performance still was achieved
due to the supplementary energy provided by the concentrator
through direct solar radiation that enhanced the total heat en-
ergy entering the tubular still, and the performance of tubular
solar still was tremendously improved. Authors concluded
that proposed compact and portable solar still could be
easily operated in a remote and isolated desert area with no
requirement for water sources. The performance of TSS
integrated with the parabolic concentrator solar tracking
system was experimentally investigated by Elashmawy
(2020) using gravel as energy storage material. The author
observed that the usage of gravel along with the concentrator
in solar still was highly beneficial towards achieving high
performance of the still. It was concluded that the addition
of gravel augmented the freshwater yield and thermal efficien-
cy by 4.51 L/m2/day and 36.3 %, respectively compared to
3.96 L/m2/day and 31.9% without gravel in the tubular solar
still. The improved performance was achieved due to sensible
heat absorbed by the gravel, which got released after the low
solar radiation and the still was able to prolong the freshwater
production even after sunset. Hassan et al. (2019) experimen-
tally investigated the freshwater production of conventional
SS integrated with a parabolic concentrator solar tracking sys-
tem. The authors noticed that the addition of concentrator
increased that basin water temperature by 26 and 16 °C in
summer and winter, respectively. The maximum freshwater
yield of 12.47 L/m2.day in summer and 5.81 L/m2.day in
winter was observed, and this improvement was due to the
extra energy supplied by the concentrator. Bahrami et al.
(2019) designed a novel SS with a parabolic dish collector
system, and the outcomes showed that for a collector with
an aperture of 2 m, the freshwater productivity increased up
to 120 and 80 %, when the reflectivity of the absorber plate
reduced from 0.7 to 0.4, respectively. Fathy et al. (2018) ex-
perimentally examined the freshwater yield and thermal per-
formance of SS using oil-heat exchanger integrated with par-
abolic concentrator-tracking system. It was found that a com-
bined effect of heat exchanger along with the concentrator
augmented the yield by 142.3%. Abu-Arabi et al. (2018) ex-
amined a SS integrated with solar collectors and sodium thio-
sulfate pentahydrate as the phase change material (PCM). It
was inferred from the outcomes that cooling water flowing
through the top glass cover improved the freshwater produc-
tion by 37 %, owing to the higher driving potential between
water basin and glass cover, which improved the freshwater
yield. The freshwater yield of an inclined SS-combined flat
plate collector (FPC) was experimentally studied by Manokar
et al. (2018), and the result showed significantly improved
yield compared with conventional-inclined SS. The
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freshwater yield of FPC combined with SS was found to be
and 7.9 kg/day, whereas it was 4.3 kg/day in the case of
conventional inclined SS. Hassan and Abo-Elfadl (2017) ex-
amined the yield of double slope SS attached with parabolic
trough collector (PTC), and the results showed an advanced
yield output of 10.93 kg/m2 using SS-PTC combinations.
However, the full-day yield was found to 4.51 kg/m2, in the
case of conventional SS. Al-harahsheh et al. (2018) experi-
mentally investigated the yield of SS using PCM and the solar
collector at various depths of water. The results depicted that
the usage of PCMwas most effective at the lower water depth.
It was also observed that productivity decreased with
increasing the water level inside the basin of the SS, and
freshwater yield of 4.3 L/m2/day was observed. Kabeel and
Abdelgaied (2017) investigated experimentally the influence
of latent heat energy storage material integrated with a cylin-
drical concentrator on the freshwater yield of SS. It was found
that the utilization of energy storage material along with con-
centrator augmented the water yield by 140.4% . Kabeel et al.
(2017) used paraffin wax as PCM and integrated parabolic
solar concentrator with SS to augment the thermal perfor-
mance and freshwater production. It was found that using
PCM and concentrator with SS enhanced the daily freshwater
production by 55–65% and 35–45% in summer and winter,
respectively compared to the conventional SS. The improved
performance was due to the synergetic effect of PCM and
concentrator, which augmented brackish water temperature
and increased the evaporation rate from basin to glass.
Elashmawy (2017) investigated the performance of tubular
solar still using a parabolic concentrator solar tracking system
under the climatic condition of Hail city, Saudi Arabia. It was
observed that tubular SS using a rectangular black trough with
black clothing as an absorber medium has produced the fresh-
water of 0.28 L/day along with the efficiency of 36.6%.
However, the integration of the parabolic concentrator has
significantly augmented the water yield by 1.66 L/day with
an efficiency of 28.5 %. The enhanced thermal performance
was achieved owing to the integration of concentrator that
increased the amount of solar radiation absorbed by the basin
of SS. Arunkumar et al. (2013) studied the freshwater yield
performance of single basin solar still using PCM and com-
pound parabolic concentrator. Authors observed that freshwa-
ter production of SS was achieved even after the sunset owing
to the energy stored during the peak hours by PCM and yield
was found to be 3.5 L/m2/day. Several other researchers such
as Gorjian et al. (2014), Rajaseenivasan et al. (2016), and
Shanmugan et al. (2008) have also investigated the effect of
different collector attachments in SS to augment the freshwa-
ter yield. The usage of nano-coating on the concentrator and
the condensed glass surface is also being explored in recent
years. Mateen et al. (2017) experimentally investigated edge
emission enhancement of solar concentrator using metal oxide
nanoparticles coating. It was found that silver and gold

nanoparticle with a mass concentration of 0.010% exhibited
the maximum emission characteristics, due to the near field
augmentation effect. Also, total power efficiency augmented
by 10.37%, compared with the conventional concentrator.
Zanganeh et al. (2020) explored the role of silicon nanoparti-
cles coated condensation glass surface to change the conden-
sation method from film-wise to dropwise. It was found that
coated condensed surface in solar still promoted dropwise
condensation and the water yield was augmented to 5.807
L/m2, while it was 4.82 L/m2 for solar still without coating.

F r om t h e l i t e r a t u r e r e v i ew abov e , v a r i o u s
designs modification were perfromed to improve the overall
performance of the solar still. To increase the area exposed to
solar radiation, some designs require additional components
such as reflectors and collectors. The results illustrate that the
freshwater yield was reasonably high in the case of tubular
still, compared with other designs of SSs. Furthermore, there
is still a lack of studies submitted on the integration of V-type
water collector with solar still . The present research work
aims to experimentally investigating the effect of a V-shape
concentrator integrated with solar still (SS). The V-shape con-
centrator integrated with the conventional solar still (CSS) is
used to supply the saline water at a elevated temperature to the
basin of SS, which augments the freshwater yield compared
with CSS. The experimental investigation was performed at
different brackish water depths of 0.01, 0.02, and 0.03 m,
respectively. The SS system was evaluated based on water
yield, energy, exergy, concentrator efficiency, and cost
analysis.

Experimental work

In the present studies, a V-shape concentrator was integrated
with SS to elevate the brackish water temperature, and after-
ward, the heated water from the collector was forced into the
water basin of the SS. Tropical countries like India received
solar radiation of 200 MW/km2, and it varies according to the
geographical location of the places. Moreover, the highest
annual global solar radiation of ≥ 2400 kWh/m2 is being re-
ceived in the states of Rajasthan and Gujarat (Purohit and
Purohit 2010). The solar radiation of 6.0–7.0 kWh/m2 is re-
ceived in Rajasthan, and due to the low rainfall area, good
sunshine of more than 300 days in a year is observed (Singh
et al. 2005). Considering the above, present location for
conducting the experimentation was selected as Jaipur,
Rajasthan, India

Experimentation setup and measurements

Two identical distillation setup including conventional single
basin solar still (CSS) and single basin solar still integrated
with V-shape concentrator (SSVC) were fabricated and tested
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under the climatic conditions of Jaipur, Rajasthan, India
(26.9124° N latitude and 75.7873°E longitude) from 7:00
AM to 7:00 PM in 2017. The schematic diagram of the CSS
and SSVC is represented in Fig. 1 (a–b). It is interesting to
note that single basin solar still is preferable under the geo-
graphical condition of altitude higher than 20°, and due to this,
the present experimental investigation was carried out using a
single basin still. Under the geographically north latitude ori-
ented cities, the single basin still is placed with a south-facing
glass cover to receive maximum solar radiation throughout the
year (Fath et al. 2003). Considering the above, the fabricated
test setups were placed on the roof of Mechanical Engineering
Department, Arya College of Engineering and Information
Technology, Jaipur, Rajasthan, India with glass cover oriented
towards the south direction. The absorber plate of the SS was
made up to 1.25-mm thickness GI (galvanized iron) sheet and
the basin area of 1 m2. The aperture of the constructed V-
shape concentrator was 0.7 m with the 2-m collector length
and 0.02-m receiver tube diameter. The V-shape concentrator
consists of glass surface inclined at a 45° angle and a glass
evacuated tube . The concentrator received the solar radiation
and reflected it to the tube filled with brackish water and the

temperature of the water inside the tube significantly increased
before reaching the basin.

The circulation of brackish water from the concentrator to
the basin was maintained using a pump and control valves.
Initially, the basin is filled with 0.01-m depth of water, and a
hole inside the SS basin exactly above 0.01-m height is pro-
vided for the exit brackish water. Once the water level reached
above the hole, it passed through it and recirculated using
pump. Similar process was used in the case of 0.02-m and
0.03-m water depth SS. In order to absorb the maximum solar
radiation from the sun, the basin is black painted to absorb
maximum solar radiation. Water was refilled every day in the
early morning by an inlet provided in the SS. . All the walls
and the basin of the SSwere insulated by 3-cm thick fiberglass
and support by a 2-cm thickness plywood box to shield the
outside heat loss. The glass cover of the SS was 4-mm thick
with the transmissivity of 94%.

The inclination angle of the glass surface is the most im-
portant factor affecting the received solar intensity and, thus,
very important in the determination of freshwater yield. The
inclination angle of 26° towards the south, which is similar to
the experimental site latitude, has been given to the glass cover

Conventional 
Solar still

Solar still with 
Concentrator

(a)

(b)

Fig. 1 Schematic diagrams of the
SSs (a) CSS and (b) SSVC
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to make sure that solar still captures maximum average radia-
tions during the year.

The similar inclination of glass cover in Jaipur, Rajasthan,
was also tested by Kumar Thakur and Kumar Pathak (2017)
and Thakur et al. (2018a) and reported that maximum solar
radiation was received by using this inclination angle. It is
well known that glass has hydrophilic properties, which in
turn prevent the distilled water to fall back into the water
basin. In order to remove the deposited salt after the repetitive
cycle of evaporation and condensation from the water basin of
SS, a sponge unit was utilized. Moreover, the lack of water
basin cleaning process will certainly influence the overall ef-
ficiency of the SS. Further, deposited salt and dust particles
may decrease the absorber plate absorptivity, which in turn
decrease the freshwater yield of SS resulted due to the heat
loss factors. The deposited salts along with other dust particles
are tightly packed and disposed of properly. To maintain a
better freshwater yield of SS, cyclic cleaning interval will be
needed once in every 8 days of the SS operation and absorber
plate and upper and lower glass surface of SS along with the
concentrator glass, the evacuated glass tube is properly
cleaned after every cycle of operation. The temperature at
various locations of SS was measured by K-type thermocou-
ples, and the position of the thermocouples was T1- glass
upper surface temperature; T2 - glass lower surface tempera-
ture; T3- ambient air temperature; T4- absorber plate temper-
ature; T5- concentrator outlet temperature of water and T6-
concentrator inlet temperature of the water. A pyranometer
was used to record solar radiation. In the present studies, vary-
ing water depth inside the CSS and SSVC of 0.01, 0.02, and
0.03m, i.e., water quantity of 10, 20, and 30 L inside the basin
of CSS and SSVC, have been investigated, and the flow was
controlled using the flow control valve positioned outside the
basin.

Uncertainty and error analysis

The present attempt was involved to experimentally measure
the important factors such as temperature, freshwater yield,
and solar radiation. In the present study, based on the range,
precision, percentage inaccuracy, and uncertainty of the appli-
ances have been illustrated in Table 1, and the uncertainty in

the present study (uet) is calculated in Eq. (1) (Taylor 1982) as
follows:

uet ¼ ∂et
∂x1

⋅u1
� �2

þ ∂et
∂x2

⋅u2
� �2

þ ∂et
∂x3

⋅u3
� �2

þ :………þ ∂et
∂xn

⋅un
� �2

" #

ð1Þ

where n is the numeral of variables and u is the measuring
apparatus standard uncertainty.

Mechanism

The productivity of the solar still increases with a rise in the
evaporation rate of the water inside the basin, which rises with
increasing the water temperature. So, the idea of the present
work is to increase the brackish water temperature by
preheating it using the V-shape concentrator before it enters
the SS basin. The V-shape concentrator reflects the solar ra-
diation incident on it to the pipe for preheating the water
flowing into water basin. Water temperature is augmented as
it goes to the water basin, and the heat transfer rate increased.
Moreover, the solar radiation passed from the glass surface of
SS reaches the basin water, and the temperature of water fur-
ther increases in the basin of SS.

Thermal analysis

The daily efficiency of SS in all experimental analyses was
calculated by the following equation:

ηd ¼
hfg:∑md

I t:Abs
ð2Þ

where md is the sum of hourly freshwater yield throughout
the day (kg/s); hfg is the latent heat of evaporation (kJ/kg),
which is determined from Eq. (3) (Sharshir et al. 2020c); Abs

is the basin area (m2); and It is average daily solar radiation
(kW/m2):

hfg ¼ ½2501:9−2:407062501:9−2:40706Tbw

þ 1:192217� 10−3 � Tbw
2−1:5863� Tbw

3�
ð3Þ

The energy and exergy analysis of the SS turns out to be a
significant technique to estimate and evaluate the processes by
recognizing their deficiency due to thermodynamic irrevers-
ibility, and thus, the exergy analysis can be used to aid in
improving and optimizing SS designs. The equation of exergy
for the SS can be written as Eq. (4) or Eq. (5) (Hassan and
Abo-Elfadl 2017).The solar radiation is considered to be the
input exergy for the SS, and it is determined using Eq. (6)
(Elshamy and El-Said 2018). The exergy output of the SS
can be evaluated using Eq. (7) (Elbar et al. 2019).

Table 1 Description of measurement instruments

Apparatus Precision Range Uncertainty

Digital thermometer ± 1 °C 0–100°C 0.03

Pyrometer ± 25 W/m2 0–1500 W/m2 0.01

Thermocouple ± 0.1 C −100–150 °C 0.003

Measuring pot ± 1 ml 0–1000 ml 0.05
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∑εx;in ¼ ∑εx;out ¼ ∑εx;dest ð4Þ
εx;sun− εx;evap þ εx;work

� � ¼ εx;dest ð5Þ

εx;in ¼ εx;sun ¼ AbsI t 1−
4

3
� Ta þ 273:15

TSun

� �
þ 1

3
� Ta þ 273:15

TSun

� �4
" #

ð6Þ

εx;evap ¼ mdhfg 1−
1

3

Twþ 273

TSun

� �4
" #

ð7Þ

where Tsun is the sun temperature in K, Tw is the water
temperature in K, and the exergy of work rate, (εx, work)∈-
x,work in the case of the SS is considered to be zero. The
exergy efficiency is then calculated using the following equa-
tion (Sharshir et al. 2017a):

η ¼ Exergy output from soalr still

Exergy output from to solar still
¼ εx;evap

εx;in
¼ 1−

εx;dest
εx;in

ð8Þ

The efficiency of a solar concentrator is very vital to decide
the collector area for solar desalination. The efficiency of the
concentrator was determined using Eq. (9) (Riffat and Mayere
2013)

ηSC ¼ πdCpμ T5−T 6ð Þ � 104

8xcminLIt
ð9Þ

where d is the receiver tube diameter,Cp is the specific heat
capacity of water, μ is the viscosity of water, and xcmin and L
are the aperture and length.

Result and discussions

Temperature variation and yield analysis of CSS

The solar radiation and temperatures at all the junctions such
as upper glass, lower glass, absorber plate, and the freshwater
yield were measured on an hourly basis. Solar radiation plays
a noteworthy role in generating the distilled water output of
the SS, and Fig. 2 shows the solar radiation distribution
through the days in the case of all water depths. It was ob-
served that the highest solar radiation values exist in the period
of 12 noon to 2:30 PM in all three cases and declined gradu-
ally till evening.

Temperature variation inunder all three water depth condi-
tions of CSS is explained in Fig. 3. It is observed that the
average ambient temperature is 34.7 °C in the case of 0.01-
m CSS, as shown in Fig. 3 (a). Temperatures of absorber plate
inside the water basin, lower glass, and upper glass basin
augmented with raise in solar radiation, and it attained its
highest value at 1 PM, thereafter value declined. The

maximum temperatures of the absorber plate, glass lower,
and glass upper basin were found to be 73, 68, and 62 °C,
respectively, in the case of 0.01-m CSS. It is well known that
solar radiation received from the glass surface to the basin
augments the water temperature and the absorber plate shows
the highest temperature values compared with all other posi-
tions inside the CSS. Once the water is heated, the evaporation
commences and the vapor film was formed in the inner glass
surface, so the next highest temperature profile was observed
at the inner glass surface, followed by the glass outer surface .
To maximize the freshwater output from the still, temperature
difference of water basin and the lower glass surface inside the
SS must be increased to improve the natural circulation along
with the rate of condensation. Water depth of 0.01 m inside
the CSS promoted the maximum temperature difference of 8
°C between glass lower surface and absorber plate at 1 PM,
which augment the condensation rate and the hourly freshwa-
ter yield. Fig. 4 shows an hourly freshwater yield of CSS and
the highest freshwater yield of 0.50 L/h was achieved with a
water depth of 0.01-mCSS. The full-day distilled output in the
case of 0.01 m CSS was found to be 3.73 L/m2.day. The
experimental results achieved using a minimum water depth
of 0.01 m in the present study is comapred with the results
reported by Hassan et al. (2019) and Morad et al. (2015). The
result demonstrate that distilled output of SS is inversely pro-
portional to the water depth . However, too little water inside
the basin may lead to the development of the dry spots in the
water basin, which may have a negative influence on distilled
water production. The development of dry spots inside the
water basin may lead to the outgassing of water basin material
which is not desirable (Kopperdal 2015). Variations of the
absorber plate, lower glass, upper glass, and ambient air temper-
ature in the case of 0.02-m CSS are plotted in Fig. 3 (b). It was
found that the the average ambient temperature is 35 °C.
Temperatures of the absorber plate, glass lower, and glass upper
augmented with increase in solar radiation, and attained

Fig. 2 Solar radiation during three water depths

3411Environ Sci Pollut Res  (2021) 28:3406–3420



maximum value of 67, 61, and 55 °C, respectively, at 1 PM.
With an increase in a water depth of CSS, themaximum attained
temperature across all the junction significantly reduced.

It can be explained due to the fact that increasing water
capacity decreases the rise in water temperature. Due to the
large mass of water in the basin, heat transfer reduced, and rise
in water temperature was restricted. This leads to a lower
water vaporization rate from basin to glass surface, which
reduced the quantity of collected freshwater from glass lower
temperature. It was found that the maximum freshwater yield
is 0.45 L/h at 1 PM, as shown in Fig. 4 and maximum yield is
reduced by 10% as compared with 0.01-m CSS . The full-day
freshwater yield was found to be 3.27 L/m2.day. It is noted
that increasing the water depth from 0.01 to 0.02 m reduced
the full-day freshwater yield by 12%, owing to the low-
evaporation rate resulted from the high water level. Similar
trends of results have been reported by Hoqueet al. (2019).
Variations of the absorber plate, lower glass, upper glass, and
ambient air temperature in the case of 0.03-m CSS are plotted
in Fig. 3 (c). It was found that the average ambient temperature
is 35.6 °C. Temperatures of the absorber plate, glass lower,
and glass upper augmented with increases in ambient temper-
ature along with solar radiation and it attained its maximum
value of 63, 59, and 52 °C, respectively at 1 PM. . The max-
imum freshwater yield of 0.41 L/h and a full-day yield of 2.91
L/m2.day was achieved. It was construed from the above re-
sults that lower water depth supports higher freshwater yield,
owing to the lower volume of saline water which resulted in a
higher heat transfer rate from the basin to the condensed glass
surface, and this generates more freshwater. As the depth of
water increased, the heat transfer rate reduced from the basin
to the glass surface, and the lower evaporation rate caused the
lesser freshwater output.

Temperature variation and yield analyses of the SSVC

In the present work, a novel experimental approach utilizing
V-shape concentrators with conventional solar still was

Fig 3. Temperatures variation of CSS (a) 0.01m, (b) 0.02m, and (c) 0.03m

Fig. 4. Freshwater yield of CSS
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explored in order to augment the oveall performanceunder the
water depths of 0.01, 0.02, and 0.03 m. The water basin of the
solar still gets radiation owing to their direct exposure to the
sun, and it gets additional energy from the supplied brackish
water into the basin, which is passed through the concentrator
tube that receives direct radiation and concentrates it onto the
tube through which the brackish water is forced to flow
through basin using pump . As the water basins are black
painted, the majority of the solar radiation is converted into
heat energy, and this heat flows to the brackish water, glass
tubes, and glass surface. Thus there is a significant tempera-
ture gradient across the different parts of the CSS attached to
the V-shape concentrator as shown in Fig. 5 (a-c).
Temperature distribution of the SSVC at different locations
including inlet brackish water in solar still, glass upper sur-
face, glass lower surface, absorber plate, and ambient air in the
case of 0.01 m SSVC is shown in Fig. 5 (a). At the maximum
ambient temperature , the maximum temperature value of the
inlet water, absorber plate, glass lower, and glass upper was
found to be 85, 80, 73, and 67 °C, respectively. It has been
seen that the integration of the concentrator significantly im-
proved the temperature distribution across the entire junction
in the SS. The peak temperature of brackish water flowing into

the basin attained the highest value among all the temperature
junction of SS. The concentrator focused the solar radiation
into the evacuated tube, where the brackish water flow
through and it significantly raised the temperature of the water
inside it. The augmented temperature at all junction in SSVC
was attained due to the integration of concentrator, which
preheated the brackish water inside the evacuated glass tube
flowing into the basin, and it augments the natural circulation
inside the still along with condensation rate. The higher tem-
perature of the absorber plate supports higher evaporation and
condensation rate inside the still, which leads to augmented
freshwater yield. It was found that the maximum hourly dis-
tilled output attained at 1 PM is 0.79 L/m, as shown in Fig. 6,
and it was improved by 39% as compared with CSS. Also, the
full day freshwater yield achieved by 0.01 m SSVC was 5.47
L/m2.day, and it was augmented by 1.47 L/m2.day compared
with CSS. It has been seen from the results that significant
freshwater yield improvement is possible with the integration
of concentrator in CSS in dry and humid climatic conditions
of Jaipur, India.

The effect of varying water depth on yield performance of
still has been also studied in the case of SSVC and presented
in the following section. Figure 5 (b) shows the temperature

Fig 5. Temperatures variation of SSVC (a) 0.01 m, (b) 0.02 m, and (c) 0.03 m and (d) inlet saline water temperature for CSS and SSVC at 0.01water
depth
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curve of SSVC with 0.02-m water depth. The temperatures of
the inlet brackish water, absorber plate, glass lower, and glass
upper were found to be 77, 74, 66, and 59 °C. It is well known
that increasing the water depth has reduced the maximum
attained temperature across all the junctions in SSVC and
reason is already explained in the previous section of CSS. .
The maximum freshwater yield at 1 PM was 0.71 L/h, and it
was augmented by 36% as compared with 0.02 m CSS, as
shown in Fig. 6. The full-day freshwater yield was found to be
5.10 L/m2.day. An increase in water depth from 0.01 to 0.02
m in the case of SSVC has reduced the full-day freshwater
yield by 6.7 %, which is due to the lower heat transfer rate
caused by the larger mass of water in the basin. Though the
results are not encouraging compared with the yield output of
0.01 m SSVC, integration of concentrator will be the most
suitable option for achieving the maximum freshwater yield
in solar still. Full-day freshwater yield augmentation of 1.8 L
was achieved, compared with that of CSS. Therefore, the in-
tegrated concentrator leads to additional energy supplied in-
side the basin, and it augmented the freshwater yield
significantly.

Temperature variation in the case of 0.03m SSVC has been
presented in Fig. 5 (c). The maximum ambient temperature
was attained at 1 PM, and the highest temperature at inlet
brackish water, absorber plate, lower glass, and upper glass
surface was found to be 75, 71, 63, and 55 °C. It is seen from
the results that higher water depth hindered the evaporation
and condensation rate, owing to the higher mass of water
resulted in a lower heat transfer rate. The rise in different
junction temperatures compared with CSS was predominantly
due to the additional energy supplied by the concentrator. Fig.
5 (d) shows the varation in inlet saline water temperature in the
case of CSS and SSVC at the best water depth in terms of
yield (0.01 m). As seen from the figure, the maximum tem-
perature difference between both the inlet brackish water was

found to be 39 °C at peak solar radiation due to the higher
solar radation collected by V concentrator, which augmented
the inlet water temerpature considerably. This increased tem-
perature of the inlet water helped to initiate the evaporation at
a faster rate, and thus, the fresh water productivity was high
for all cases of SSVC. The maximum freshwater yield of
0.65L/h was achieved by 0.03 m SSVC as shown in Fig. 6,
and the peak hour yield augmented by 36% as compared with
the CSS. Full-day distilled output was 4.89 L/m2.day.
However, the increase in water depth inside SSVC up to
0.03 m has reduced the full-day freshwater yield by 10 and
4% as compared with 0.01 and 0.02-m SSVC, respectively.

It has been inferred from the above results that the fresh-
water yield of SS can be significantly improved with the inte-
gration of concentrator. Concentrator helps to augments the
temperature of the saline water coming inside the basin of SS.
Also, the rate of heat transfer during evaporation from the
water basin to the glass surface is mainly subjected to the
surface area of the absorber, and the rate of vaporization pri-
marily depended on the water basin, glass surface, and sur-
rounding temperature. The rate of evaporation from the basin
to the condensed surface significantly improved due to the
preheated/elevated saline water temperature in the basin, and
it improved the yield of distilled water.

Thermal analysis

Figure 7 presents the average full-day thermal efficiencies of
CSS and SSVC, which is determined using Eq. (2). The result
showed average full-day efficiency of 38.5, 33.5, and 29.4%
in the case of CSS with 0.01, 0.02, and 0.03-m water depth,
respectively. It is noted that efficiency mainly depends on the
freshwater yield collected throughout the day and solar radia-
tion. Due to lower water depth in the case of 0.01-m CSS, the
maximum freshwater yield was achieved which leads to the
highest full-day efficiency. It is also interesting to note that the
augmented yield of freshwater was achieved not only due to
the rise in water vapor temperature resulted from a lower
depth of water inside the still chamber, but also due to the
ambient conditions such as ambient temperature and wind
speed. For SSVC, the collected solar intensity from the con-
centrator preheated the brackish water before entering the ba-
sin of solar still. This leads to maximum gain in the tempera-
ture across various junction. Further, a rise in the water tem-
perature initiated the evaporation at a faster rate, which in turn
produced maximum freshwater, and therefore, significant
augmented daily efficiency was achieved. Full-day energy
efficiency of SSVC under the water depth of 0.01, 0.02, and
0.03 m was found to be 57.4, 51.7, and 44.9%, respectively.

Figure 8 (a–c) depicts the hourly exergy efficiency of the
CSS and SSVC under the water depths of 0.01, 0.02, and 0.03
m. As seen from the results, the hourly exergy begins to aug-
ment at the start of the experiment and attained the peak valueFig. 6. Fresh water yield of the SSVC
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at approximately 1 PM for 0.01-m water depth CSS and
SSVC. The maximum hourly exergy was found to be 7.2%
and 3.6% in the case of 0.01-m water depth SSVC and CSS,
respectively. It was obvious that augmented heat transfer from
basin to the glass surface provides the optimum evaporation
and condensation rate in SSVC, and the hourly exergy was
significantly improved. The peak hourly exergy in the case of
0.02- and 0.03-m water depth SSVC were 5.4 and 4.01%,
respectively. However, in the case of CSS, the peak hourly
exergy was found to be 2.81 and 2.3%, respectively.

It is noted that the addition of the concentrator improved
the hourly exergy in all the cases. Moreover, with increasing
the depth of water in the basin, the peak hourly exergy
dropped remarkably and, therefore, minimal depth of water
is needed to augment the performance of SSs. Fig. 9 illustrates
the daily exergy efficiency of the SSVC and CSS under the
different water depths. The highest daily exergy efficiency of
3.8% was found in the case of 0.01-m water depth SSVC.
However, it reduced to 1.98% in the case of CSS. The inte-
gration of concentrator improved the energy efficiency of SS
and it augmented the full-day exergy efficiency of SS. Further,
the exergy efficiency of 3.3 and 2.4%was found in the case of
0.02- and 0.03-m water depth SSVC, respectively. However,
it was found to be 1.54 and 0.97% in the case of CSS. Results
showed that exergy efficiency can be improved significantly
with the integration of concentrator in the existing SSs.

The efficiency of the solar concentrator for different water
depths in basin of still was calculated using Eq. (9) and pre-
sented in Fig. 10. Maximum efficiency of concentrator was
found to be 36.7% in the case of 0.01 m water depth.
However, it was reduced to 34.9 and 33.3% in the case of
0.02 and 0.03 m, respectively. The selection of an optimum
solar concentrator configuration to augment the freshwater
yield is very important. A most important factor for the selec-
tion of concentrators is high transmittance through the tube,

minimizing heat loss from the concentrator system. The role
of various factors affecting the efficiency and performance of
the concentrator is under progress.Fig. 7 Daily energy efficiency of CSS and SSVC

Fig. 8 Hourly exergy efficiency of the SS and SSVC (a) 0.01 m, (b) 0.02
m, and (c) 0.03 m
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Assessment of earlier results with current work

The freshwater yield analysis of previous research carried out
by many novelists using various arrangements in the conven-
tional solar still such as reflector and concentrator for aug-
mented basin water temperature and enhanced the yield of
clean water in shown in Table 2, and all the previous results
have been compared with the present experimental result.

Economic analysis

The primary annual charge (PAC) of the SS is determined by
using Eq. (10) (Petela 2003), in which the capital recovery
aspect (CRA) of the SS is determined by Eq. (11) (Sharshir
et al. 2020c). The first early salvage value (YSV) of the SS is
determined using Eq. (12) (Elbar et al. 2019; Sharshir et al.
2020c):

PAC ¼ C CRAð Þ ð10Þ

CRA ¼ i� 1þ ið Þl
1þ ið Þl−1 ð11Þ

YSV ¼ SFAð Þ:SC ð12Þ

where C stands for the capital cost of the SS; i and l signify
the rate of interest and life of the SS, respectively; and SC and
SFA specify the salvage cost of the SS and sinking fund as-
pect, and they are determined by using Eq. (13) and (14),
respectively (Gorjian et al. 2014):

SC ¼ 0:2 C ð13Þ

SFA ¼ i

iþ 1ð Þl−1 ð14Þ

The annual upholding cost (YUC) is expressed by Eq. (15).
The overall annual cost (OAC) of the SS is obtained by Eq.
(16). Lastly, the distill water cost per liter (CPL) is determined
by Eq. (17):

YUC ¼ 0:15 PACð Þ ð15Þ
OAC ¼ PACþ YUC–YSV ð16Þ

CPL ¼ OAC
M

ð17Þ

where M is the mean annual production.
The fabrication costs of CSS and SSVC are shown in

Table 3. The life span of the still was 15 years with 80 %
of the average sunny days per year and a bank interest
rate of 8 % in India (experimental site). The entire cost of
the simple SS for the water profundity of 0.01 m would
be about 52 USD/m2. With the still productivity of 3.73
L/m2/day, cost of freshwater was 0.0102 $/L . The addi-
tion of the V-shape concentrator increased the cost of wa-
ter by 14.70%/L (0.0117 $/L) with a tremendous incre-
ment in the yield productivity of 47 %. Therefore, the
marginal increase in the cost of SS showed a tremendous
increment in the yield productivity in the case of the
SSVC with 0.01-m water depth. From the perspective of
societal-based technology, Rajasthan being a hot and dry
state in India faces the severe problem of freshwater due
to poor rainfall and it excessively exploited the ground-
water for drinking purpose. The proposed experimental
setup for freshwater production from brackish water re-
sources will helpful to develop low-cost, renewable
energy-based solar desalination systems. It will be highly
useful for providing freshwater to the rural and remotely
located population in a state like Rajasthan and Gujarat,
where solar energy is available throughout the year.

Fig. 9 Assessment of the daily exergy efficiency between CSS and
SSVC

Fig. 10 Concentrator efficiency under different water depths in basin
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Conclusions

Single basin solar still integrated with a V-shape concentrator
was designed and fabricated to improve the freshwater yield.
In the developed single basin solar still, the concentrator was
used to increase the basin water temperature. The comparison
between a developed solar still integrated with a concentrator
and a conventional single basin solar still under three water
depth of 0.01, 0.02, and 0.03m in the basin were carried out to
evaluate the enhancement in the freshwater yield under the
same ambient conditions of the Jaipur, Rajasthan, India.
According to the results obtained by experimental investiga-
tion, the following major conclusions were derived:

& Integration of concentrator augmented the temperature at all
the locations inside the basin of SS, and the maximum rise in
absorber plate temperature of 7 °C during peak solar radia-
tion hour in all the water depth conditions was attained,
compared with the CSS; this is due to the combined effect
of direct solar radiation received by absorber plate and the
supplementary energy provided by the concentrator.

& CSS freshwater yield was found to be 3.73, 3.27, and
2.91 L/m2.day in the case of 0.01, 0.02, and 0.03-m
water depth, respectively. Moreover, the integration
of concentrator has significantly augmented the fresh-
water yield to 5.47, 5.10, and 4.89 L/m2.day respec-
tively, owing to the extra energy supplied by the

Table 2. Yield comparison of present study with previous results

Ref. Solar still design Productivity without
concentrator
(L/m2/day)

Productivity with
concentrator
(L/m2/day)

Average daily
efficiency

Average daily
exergy

(Elashmawy 2020) Parabolic concentrator with TSS and gravel 3.96 4.51 36.34% -

(Kabeel et al.
2020b)

TSS-integrated cylindrical
parabolic concentrators

3.92 7.48 60.4% -

(Kabeel and
Abdelgaied
2017)

Cylindrical parabolic concentrator and phase
changing with single basin still

4.48 10.77 46.3% -

(Arunkumar et al.
2013)

Hemispherical basin solar still with parabolic
concentrator and paraffin

3.52 4.46 - -

(Arunkumar et al.
2016)

Parabolic concentrator- TSS 1.5 4.96 - -

Present study V-shape concentrator attached with SS 3.73 5.47 57.4% 3.8%

Table 3. Cost analysis of the
solar still with 0.01-mwater depth Apparatus CSS (USD / m2) SSVC (USD / m2)

Glass fiber and plywood insulation 20 20

Glass (glazing) 8 8

GI sheet and aluminum sheet 13 13

Black paint 7 7

Absorber NA 13

Freshwater port 1 1

Copper pipe NA 8

Sealing material 3 3

Absorber stand NA 9

Pump NA 15

Total 52 97

lit/m2/day 3.73 5.47

$/L/water 0.0102 0.0117

Cost increases/L - 14.70 %

Output increase - 47 %
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concentrator which enhanced the evaporation rate, and
thus, maximum yield was achieved.

& The energy efficiency of CSS was 38.5, 33.5, and 29.4%
for a water depth of 0.01, 0.02, and 0.03 m, respectively,
and it increased to 57.4, 51.7, and 44.9% for the respective
cases of SSVC. Concentrator efficiency was found to be
36.7, 34.9, and 33.3% with a water depth of 0.01, 0.02,
and 0.03 m respectively in the basin of SS.

& The hourly exergy efficiency increases with solar radia-
tion and peak daily exergy reached 7.2% in the case of
0.01 m water depth SSVC. However, it was only 3.6% for
CSS. The full-day exergy was found to be 3.8, 3.3, and
2.8% in the case of SSVCwith a water depth of 0.01, 0.02,
and 0.03 m, respectively, while it was drastically reduced
to 1.9, 1.5, and 0.97% in the case of CSS.

& The cost of water/liter produced from SS and SSVC was
0.0102 and 0.0117 $/L, respectively. From the economic
analysis, the rate of freshwater production is found to be
cheapest for both the cases.
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Alphabetical symbols definition T1, upper glass cover temperature (°C);
T2, lower glass cover temperature (°C); T3, ambiant air température (°C);
T4, absorber plate température (°C); T5, V-shape concentrator outlet
température (°C); T6, V-shape concentrator inlet température (°C); TS,
sun température (°C)

Greek symbol ϵin, input exergy; ϵx, evap, output exergy; ϵx, work, work
rate exergy; ηd, daily energy efficiency

Abbreviation CSP, concentrated solar power; CSS, conventional solar
still; FPC, flat plate collectors; FPR, flat plate reflector; PCM, phase
change materials; PTC, parabolic trough collectors; SS, solar still; TSS,
tubular solar still; SSVC, solar still attached with V-shape concentrator;
VMEDS, vertical multiple-effect diffusion solar still
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